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A term analysis of the solid-state spectra of trivalent neodymium and erbium has been made and this 
has allowed terms to be assigned to most of the observed levels of these ions. The complete spin-orbit 
matrices, with the addition of the electrostatic interaction energies, corresponding to the f* and f" con- 
figurations have been diagonalized to calculate the energy level schemes for the neodymium and erbium 
ions, respectively. The appropriate parameters were calculated by a least-squares method. 





INTRODUCTION 


HE absorption spectra of neodymium'* and 
erbium*~ salts have recently been studied in detail 

at low temperatures. Zeeman measurements and line 
counts have given the tentative assignment of J values 
to many line groups. However, the unequivocal assign- 
ment of LSJ numbers has been possible for only a few 
line groups. Satten' has analyzed the spectrum of 
Nd(BrO;)3-9H,O using Russell-Saunders coupling with 
some success; however, the neglect of intermediate 
coupling is serious and can lead to incorrect assign- 
ments. Elliott, Judd, and Runciman’ have shown how 
the spin-orbit interactions, with intermediate coupling, 
together with the electrostatic interactions of f* con- 
figurations may be calculated using the methods of 
Racah.® The electrostatic interactions for the f* con- 
figuration have been calculated by Racah.® Judd and 
Loudon” have recently published the complete spin- 
orbit matrices for f*. The electrostatic interactions will 
be unchanged for the f" configuration, while the ele- 
ments of the f* spin-orbit matrices require only a 
change in sign for f". With these calculations completed 
it is now possible to calculate, with the inclusion of 

1R. A. Satten, J. Chem. Phys. 21, 637 (1952). 

2G. H. Dieke and L. Heroux, U. S. Atomic Energy Comm. 
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3G. H. Dieke and L. Heroux, Ph r Rev. 103, 1227 (1956). 
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5H. Severin, Z. Ph 125, 44 

*H. G. Kahle, Z. Physik 145, 3o4 11986). 

7 Elliott, Judd, and "Runclinan, Proc. Roy. Soc. (London) 
A240, 509 ( 957). 

8G. Racah, Phys. Rev. 76, 1352 (1949). 

9G, Racah, Phys. Rev. 62, 438 (1942). 


0B. R. Judd and Rk. Loudon, Proc. Roy. Soc. (London) A251, 
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intermediate coupling effects, the energy level schemes 
of the 4f* and 4f" configurations which correspond to 
the trivalent neodymium and erbium ions, respec- 
tively. 


ENERGY LEVEL CALCULATION 


For the purpose of this paper the electrostatic inter- 
action energies were expressed in terms of the param- 
eters E!, E*, and E*, being the linear combinations of 
the Slater radial integrals defined by Racah*® and the 
spin-orbit interaction in terms of the spin-orbit coupling 
constant §. The values of these parameters were ob- 
tained by a least-squares method as outlined previ- 
ously. 

The parameters used to calculate the energy levels of 
the Nd* and Er* ions are given in Table I. The 
correspondence between the calculated energy level 
schemes and the experimentally observed levels was 
close enough to allow a clear assignment of LSJ terms 
to most of the known levels of the Nd** and Er** ions. 
These two ions will be discussed separately. 


NEODYMIUM 


The calculated energy levels are listed in Table II 
together with the positions of the principal line groups 
found by Dieke and Heroux for the (Nd+La)Cl;- 
7H,0 salt and the components of the ‘7 multiplet found 
by Carlson and Dieke.” A graphical comparison of the 
calculated energy level scheme with the experimentally 
known levels is given in Fig. 1. The letters labeling 


1 W. A. Runciman and B. G. Wybourne, J. Chem. Phys. 29, 
1149 (1959). 
2 E. Carlson and G. H. Dieke, J. Chem. Phys. 29, 229 (1958). 
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TaBLE I. Parameters in units of cm derived by the 
least-squares method. 





BE PE EB 





Nd** 
Er’+ 


24.51 
31.19 


493.9 906 
6 683 642.7 2471 





the line groups are as given by Dieke and Heroux.’ 
It is convenient to discuss the analysis under the 
separate groups. 


47 Components 


The predicted positions of the ‘Ju, and ‘/i3, levels 
agree closely with the levels found by Dieke and Carl- 
son” and the ‘/15,2 level is predicted to exist at ~ 6000 
cm7, 


Groups R, B, and C 


These groups are clearly due to the ‘F3, and ‘Fo, 
and *Hup levels, respectively. These assignments are 


TaBLeE II. Energy levels for Nd**. 





Calculated 
Energy cm7 


tral 


roup 


Experimental 


Term Energy cm 





‘Tor 0 
‘Tur 2 028 
4‘Tisie 3 990 


*Tisre 
*F 37 11 525 
12 572 


‘For 
13 553 


2H 92 

*Ssr 
14 807 
15 997 


‘Fin 
‘Fon 
17 321 


*Hun 
°Gire 
‘Goi 


19 151 
19 564 





supported by Judd’s and Wong’s® analysis ot neodym- 
ium double nitrate, Zeeman splittings, and line counts. 


Group S 
This is a composite group of the ‘Fs, and *Hop 


states. A total of 8 levels is predicted and this agrees 
with Dieke’s and Heroux’s? Nd(BrO;)3-9H,O data. 


Group A 


This group is a mixture of the ‘Fz, and ‘S3, states. 
Six levels are predicted and six observed. Judd and 

















0 
(b) 


Fic. 1, (a) Calculated energy levels of Nd**; (b) Experimental 
energy levels of Nd**. 


Wong" have shown that the A; and A¢ levels, which are 
the close pair in this group, belong to the ‘S3,, state and 
the remaining levels to the ‘F7, state. 


Group D 


The D group appears to be a close mixture of the 
‘Gs and °G7p states. Seven levels"are predicted ¥and 
observed. Judd and Wong" suggest ‘G72, however, with 
the inclusion of intermediate coupling the ‘G7, level 
occurs~ 1900 cm above the D group. Therefore this 
assignment now appears unreasonable and *G7, is to 
be preferred. 


13 B. R. Judd and E. Wong, J. Chem. Phys. 28, 1097 (1958). 





SPECTRA OF TRIVALENT NEODYMIUM AND ERBIUM 


Groups E and F 


The states *K13, ‘Gz, ‘Gon are predicted to occur in 
the vicinity of these two line groups. Dieke and Heroux? 
give 4 sharp lines for E suggesting J=% and 5 sharp 
lines for F suggesting J=§. This agrees with the pre- 
dicted energy level scheme and it seems reasonable to 
assign ‘G7 to group E and ‘Gop to group F. Additional 
weak diffuse levels are reported in this region and are 
probably due to the ?Ki3, state. 


Group F’ 


Dieke and Heroux? report two strong lines in the 
neodymium ethylsulphate spectrum suggesting J=. 
The nearest calculated line group with J= 3 is the 
*Dsp state. Judd and Loudon™ have also made this 
assignment. Until Zeeman data are available for the 
components of the F’ group this assignment must be 
regarded as tentative. 


Groups G and H 


The interpretation of these groups of lines is com- 
plicated by the occurrence of 4 states in a region of 
~ 1000 cm-. Crystal field mixing will be by no means 
negligible. The calculated energy level scheme does not 
allow a clear assignment to be made to the observed 
lines though it would appear that the upper levels could 
be attributed to the ‘Gy. state and the lower levels to 
a mixture of the *Gye and *Kis, states. The final inter- 
pretation must await further experimental data. 


TABLE III. Energy levels for Er**. 





Calculated 
energy cm=! 


Spectral 
group 


Experimental 


Term energy cm=! 





0 0 
6 775 
10 415 
12 496 
15 449 
18 525 
19 407 
20 717 
22 321 
22 701 
24 893 
26 889 
27 408 
27 940 
28 357 
32 061 
32 857 
33 623 
33 974 
34 656 
34 910 
37 317 
39 151 
39 679 
40 426 
40 737 
42 832 
43 341 
43 626 
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Fic. 2. (a) Calculated energy levels for Er**; (b) Experimental 
energy levels for Er**. 


Groups I and K 


The calculated energy level scheme shows clearly 
that the J; level is attributable to the *Pi,2 state and the 
two upper levels J; and J; are components of the 
*Dsp state. The two levels of the K group belong to the 
*P3e state. These assignments are supported by the 
Zeeman data of Dieke and Heroux’ and agree with those 
given by Judd and Loudon.” 


Other Levels 


The positions of all the levels corresponding to the 
Nd* ion have been predicted. Many of these should 
be observable in the ultraviolet and their measurement 
would aid in the further analysis of this spectrum. 


ERBIUM 


The analysis of the Er** spectrum is considerably 
simpler than that of the Nd**. The individual line 
groups are well separated from each other and the com- 
plexity of overlapping states does not arise. This is 
primarily due to the large spin-orbit coupling constant 
and the pronounced effects of intermediate coupling 
in separating the individual states. Levels that coin- 
cide in the Russell-Saunders approximation are found 
to be separated by up to 3000 cm™ when intermediate 
coupling is included. 

The calculated energy level scheme and the line 
groups observed by Severin‘*® are listed in Table III. 
The calculated and experimental levels are compared 
graphically in Fig. 2. As will be seen from the graph all 
the line groups except C can be readily assigned LSJ 
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terms without reference to further experimental data 
in the energy range studied. 

The C group appears to be superfluous. No level 
appears in the calculated energy scheme in this posi- 
tion. The author has failed to locate this line group in 
spectrographically pure erbium salts, and it does not 
appear in erbium nitrate solutions.“ This line group is 
probably due to the occurrence of thulium as an 
impurity. 

J@rgensen® has made absorption measurements of 
erbium solutions out to 45 000 cm-', but as these are at 
room temperature no appreciable line structure occurs 
in the spectral groups, and unequivocal LSJ assign- 
ments cannot be given. Four states, ‘Gz, ‘Gop, *Kisp, 
and ‘Gy are predicted for the region 26 400-27 500 
cm and the author has been able to observe four dis- 
tinct line groups in this region for (La+ Er) Cl;-7H,0. 
Thus it appears that all known line groups of the tri- 
valent erbium ion in the solid state can be satisfac- 
torily interpreted using the intermediate coupling 
model. The position of the ‘/:3,2 line group is predicted 
to be at ~5780 cm™. It is hoped that fluorescence 
studies of ErCl,' will succeed in the identification of 
this state. 

14 J. Hoogschagen and C. J. Gorter, Physica 14, 197 (1948). 


% C. K. Jgrgensen, Acta. Chem. Scand. 11, 981 (1957). 
16 G. H. Dieke (private communication). 
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CONCLUSION 


By the use of an intermediate coupling model most 
of the known spectral line groups of the neodymium 
and erbium ions can be satisfactorily assigned LSJ 
terms. Further experimental investigations of the spec- 
tra of neodymium salts must be made before the analy- 
sis of their spectra can be profitably extended. In 
particular, there is a need for more extensive Zeeman 
data for line groups, E, F, G, H, and F’, in salts of high 
symmetry. There are no available Zeeman data on er- 
bium salts and such data would be useful for an in- 
dependent check on the LSJ assignments that have 
been made in this paper. The complete determination 
of the fluorescence spectra of the anh;drous trichlorides 
should allow the positions of all the components of the 
ground multiplets to be found. 
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Mean Square Amplitudes and Force Constants of Tetrahedral Molecules. I. Carbon 
Tetrachloride and Germanium Tetrachloride 
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The atomic distances and mean square amplitudes of carbon tetrachloride and germanium tetrachloride 
were measured by the sector-microphotometer meghod of electron diffraction. The force constants were 
calculated by use of the mean square amplitudes thus obtained, combined with the normal frequencies. 
The results indicate that a force field of the Urey-Bradley type is approximately realized in these molecules. 





INTRODUCTION 


HE forces acting between atoms in a molecule hav 
usually been obtained by the analysis of vibra 
tional spectra. The number of frequencies observed is, 
in general, not enough to determine all the force con- 
stants in general quadratic form of potential energy: 
for example, even for such a simple molecule as carbon 
tetrachloride, which has Tg symmetry, three force 
constants are necessary for the F, type vibrations, but 
we have only two frequencies of this class. Thus, in 
molecular spectroscopy, some special form is tenta- 
tively assumed for the force field to reduce the number 
of unknown parameters. The simplest one is the so- 
called valence force system, in which only the forces 
along the valence bonds and those against the deforma- 
tion of valence angles are taken into account. This 
assumption is, however, too simple to have actual 
significance. The first improvement to be made in this 
assumption is to add force constants which represent 
the interaction between nonbonded atoms. The result 
is a force field of the Urey-Bradley type! which has 
been applied to many molecules and proven to be 
successful by Mizushima, Shimanouchi, and others.” 
In this situation any phenomenon can be used to fill 
up the deficiency of the data mentioned above, if it has 
a close connection with the force field of the molecule. 
In fact, isotopic shifts of vibrational spectra,* Coriolis 
coupling constants in rotation-vibration spectra,‘ and 
centrifugal distortion constants in microwave spectra,5* 
etc. have been used heretofore. It is the purpose of this 
article to show that the mean square amplitude ob- 


1H. C. Urey and C. A. Bradley, Phys. Rev. 28, 1969 (1939). 

2 T. Shimanouchi, J. Chem. Phys. 17, 245, 734, 848 (1949); 
S. Mizushima and T. Shimanouchi, ibid. 17, 1102 (1949) ; J. Am. 
Chem. Soc. 71, 1320 (1949) ; I. Nakagawa, J. Chem. Soc. Japan 
76, 813 (1955); 77, 1030 (1956); T. Miyazawa, ibid. 77, 366 
(1956), etc. 

3Cf. G. Herzberg, Molecular Spectra and Molecular Structure 
(D. Van Nostrand, Princeton New Jersey, 1945). 
aster Meal and S. R. Polo, J. Chem. Phys. 24, 1119, 1126 

1 

5D. Kivelson and E. B. ire, Jr., J. Chem. Phys. 20, 1575 
(1952); 21, 1229 (1953); D. Kivelson, ébid. 22, (1954) ; 
L. Pierce, ibid. 24, 139 (1956) ; P. H. Verdier and E. B. Wilson, 
Jr., bid. 30, 1372 (1959). 

( ; 36), Morino and E. Hirota, Bull. Chem. Soc. Japan 31, 423 
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tained by electron diffraction offers another basis for 
determining the force constants of molecules. 

A few words should be added here concerning the 
previous studies of electron diffraction on carbon tetra- 
chloride and germanium tetrachloride. Since the pioneer 
work by Mark and Wier!’ in 1930, carbon tetrachloride 
has been used as a reference substance for electron 
diffraction. It was on this molecule that Karle and 
Karle® first demonstrated the usefulness of the sector 
method in 1949, and the most reliable measurement 
at present by the sector-microphotometer method must 
be that by Bartell, Brockway, and Schwendeman® 
on the same substance. Morino and Kuchitsu™ used the 
substance for a test of their new sector apparatus. 
The reason why the same substance was again in- 
vestigated was to get the most reliable values of the 
mean square amplitudes, by focusing attention upon 
their determination. 

The molecular structure of germanium tetrachloride 
was studied by Pauling and Brockway" in 1935 by the 
visual method with the result Ge-Cl=2.08+0.02 A. 


EXPERIMENTAL 


The diffraction apparatus used is the same as that 
reported in the previous paper by Morino and 
Kuchitsu.” An r* sector was used with the shorter 
camera length, 11.8 cm, and an r’ sector with the longer 
camera length, 27.9 cm. The accelerating voltage was 
about 45 kv, the fluctuation and the drift of the voltage 
being automatically regulated within 0.1%. A pure 
sample of germanium tetrachloride was kindly pro- 
vided by Mr. H. Oikawa, of the Coal Research In- 
stitute of Mitsui Chemical Industrial Company, Ltd. 
About 10 cc of the sample was consumed in this work. 
The gaseous sample was kept in a 1-liter glass bulb 
at a pressure of 30 to 35 mm Hg and was led to the 
diffraction camera through a fine nozzle. The pressure 
decrease of the sample holder during exposure, 2 to 4 


7H. Mark and R. Wierl, Naturwiss. 18, 205 (1930). 

81. L. Karle and J. Karle, J. Chem. Phys. 17, 1052 (1949). 

* Bartell, Brockway, and Schwendeman, J. Chem. Phys. 23, 
1854 (1955). 

10 Y. Morino and K. Kuchitsu, J. Chem. Phys. 28, 175 (1958). 


(1938) Pauling and L. O. Brockway, J. Am. Chem. Soc. 57, 2684 
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min., was a few mm Hg. The diffraction pattern was 
recorded on Fuji Process Plates which were developed 
with FD-131 developer at 20°C. The wavelength of the 
primary electron beam was calibrated by a transmission 
pattern of gold foil. 

Microphotometer tracing was carried out either with 
a Riken B type microphotometer using a photographic 
recording system or with a Rigaku Denki MP-3 
microphotometer using a pen-recording system. They 
are both equipped with a rotating disk on which the 
diffraction photograph is mounted and spun rapidly 
in order to average out irregularities in the photographic 
plate. Both types of photometers gave results con- 
sistent with each other. Six pairs of diffraction photo- 
graphs including two pairs for small-angle region 
(qg=8-30) were selected from about 40 plates and 
analyzed by the procedure described below. 

In order to avoid difficulties in the density-intensity 
calibration,” the plates of optical densities less than 
0.5 were used for the analysis. Having been well estab- 
lished by experiment, a linear relation was assumed 
between the density and intensity in the above region. 
The molecular intensities were obtained by drawing a 
smooth background line which was iteratively cor- 
rected with the criterion of minimum ghost in the 
radial distribution curve. 

ANALYTICAL PROCEDURE 

In order to obtain mean square amplitudes ac- 
curately enough to allow a useful determination of the 
force field, every possible correction should be taken 
into consideration. The errors involved in the measure- 
ment of mean amplitudes were thoroughly criticized 
by Kuchitsu.“ He concluded that the largest error had 
its origin in the finite gas spread at the diffraction 
center. He found a method for estimating the distribu- 
tion of gas molecules by the measurement of the devia- 
tion of the slope of the background curve from the 
theoretical one. Another source of uncertainty is the 
failure of the Born approximation which was first 
pointed out by Schomaker and Glauber.% We can 
roughly correct it by using Ibers and Hoerni’s table.” 
Anharmonicity of intramolecular vibration of atoms 
and the displacements of atoms perpendicular to the 
bond direction provide serious difficulties in the deter- 
mination of equilibrium distances and mean square 
amplitudes. In this section the procedure of the analysis 
shall be presented, with an attempt to eliminate as 
many uncertainties as possible. 


1. Molecular Intensity 


As was shown by Morino and Hirota,” the intensity 
of the coherent beam diffracted by a tetrahedral mole- 


12 J. Karle and I. L. Karle, J. Chem. Phys. 18, 957 (1950). 

TL. S. Bartell and L. O. Brockway, J. Appl. Phys. 24, 656 
(1953). 

4K. Kuchitsu, Bull. Chem. Soc. Japan 32, 748 (1959). 

18 V. Schomaker and R. Glauber, Nature 170, 290 (1952). 

16 J. A. Ibers and J. A. Hoerni, Acta Cryst. 7, 405 (1954). 

17 Y, Morino and E. Hirota, J. Chem. Phys. 23, 737 (1955). 
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cule is given by 





M(s)= Se I F(3) | 40x (~as") 


Te 
- {sinsr.— (s/re)[ (Az*)—3 ((Ax*)+ (Ay?)) ] cossr.}, (1) 


where s has the usual meaning of (42/) -sin@/2 and Is 
is the sum of coherent and incoherent atomic scattering. 
F ¢(s) denotes the atomic structure factor of the ith 
atom for electron beam,* and cosAn is due to the 
imaginary part of F*(s)F;*(s), that is, to the failure 
of Born approximation. Here 2a= (Az) is the mean 
square amplitude parallel to the equilibrium direction 
of the distance r,, and (Ax*) and (Ay*) are the mean 
square amplitudes of the atomic displacements perpen- 
dicular to the equilibrium direction. This formula was 
derived based on the probability function P,(r) of the 
distance 7, for which the intramolecular potential is 
assumed to be harmonic, 


P(r) = (1/4ra) {1 +-y(r—r.) ] exp[— (r—r.)*/4a], (2) 
where 
y= (1/re) -[((Ax*)+ (Ay*)) /2 (Az?) J. 


Now, considering the fact that s(Az?)(1—~r.)/r, is 
much less than unity in the region s$30, we have a 
simple form of 


sM(s)= 2 F ¢(s) || F*(s) |/Iz) cosdn 


-exp(—as*) (1/r-) sinsfa, (3) 


where the apparent distance r, is related to r, by the 
relation of 


a= 1e—2a/r.+2ya, (4) 


and the background intensity J, can be given by the 
equation,'*-” 


To= Z| Fe(s) P+ DS). (5) 


2. Anharmonicity of Vibration 


The effect of anharmonicity of vibration upon M(s) 
was discussed by Bartell?! for the ground state of a 
diatomic molecule, and was calculated by Reitan for 
Hz, H,O, and CO, molecules.” For an atom in a poly- 
atomic molecule the following expression of the dis- 
tribution function seems to be adequate: 


P,(r) wa [1 +6i(r— re) +B2(r— Te) 2-+B3(r—re) *)Ph (r) ’ 
(6) 


* F;¢(s) =Z;—fi(s) for the first Born approximation. 

18 [,, H. Thomas and K. Umeda, J. Chem. Phys. 26, 293 (1957). 
 H. Viervoll and O. Ogrim, Acta Cryst. 2, 277 (1949). 

*” [,. Bewilogua, Physik Z. 32, 740 (1931). 

21. S. Bartell, J. Chem. Phys. 23, 1219 (1955). 

2 A. Reitan, Acta Chem. Scand. 12, 131, 785 (1958). 





AMPLITUDES AND FORCE CONSTANTS OF CCl, 


where P,(r) designates the distribution function of a 
harmonic case given by Eq. (2). A manipulation similar 
to that carried out in the case of a harmonic potential 
provides an expression for the molecular intensity 
corresponding to Eq. (3), 


sM(s) = 2i(| Fe(s) || Fy(s) |/T») cosdn 
-exp(—a’s*) (1/r.) sins(ra—xs?). (7) 


where 
a= te—2a'/te+2(Bity) a’ +12 (83+762) a”, 
a’ =a+4a?(62+76:), (9) 


x=8a'9(B5+762). (10) 


The information obtained by the analysis of the 
intensity curve is 7, and a’, and, if a precise measure- 
ment is performed, one more parameter «x shall be 
obtained. In order to get r., the values of fi, Be, Bs, 
and + are required. Although y can be calculated from 
spectroscopic data,” other parameters cannot be esti- 
mated without precise expressions of them. Similarly, 
the correction term of the mean square amplitude, 
4(6.+7B,) a*, is left out of the measurement. 

In this connection it may be mentioned that 


n= [rednar | [°Pnar, 


=r.+2 (Bit) a’+12(83+782) a”. 
Therefore, comparing it with Eq. (8), we have 
y= tat2a'/re, (12) 


that is, r,,f the mean of the distance with regard to 
the anharmonic probability function, is given in a 
straightforward way by r. and a’; it is independent 
of the 6’s which are necessary for calculating r,. 

It would be worthwhile to consider here the precise 
meaning of the mean square amplitude. In particular, 
for the anharmonic case we must consider the effect of 
anharmonicity on the mean square amplitude. Since 
2a= (Az?) is the mean of the square of the deviation of 
the atomic distance from the equilibrium position, 
averaged with regard to the distribution function for a 
harmonic potential function, we find 


(8) 


and 


(11) 


2a= (Ast) = I * (r—re)*Pa(r)dr f I "PA(r)drd (13) 


However, as was pointed out by Reitan” and discussed 
by Kuchitsu," there are a number of slightly different 
definitions of the mean square amplitude, for example, 


t= [rn *Palrddr [| J” Para, (14) 


Tr, is the same as 7,(0) defined by Bartell (reference 21). 
t Exactly speaking, (Az*) is the mean of (z—2,)?, but it coin- 
cides with ((r—r,)*) in the first approximation. 


AND GeCl, 


and 
rm ” (r—t9)?Pa(r)dr f I P.(r)dr, (15) 


where /,? is the mean of the deviation from the equi- 
librium position of the atom pair, /,? that from the 
distance corresponding to the center of gravity of the 
distribution function, both being averaged with respect 
to the distribution function for the actual anharmonic 
potential function. The definition of J is quite ana- 
logous with (Az*), the difference being only in the 
respect that the mean is made with regard to the 
anharmonic, rather than the harmonic probability 
function. If we assume Eq. (6) for P(r), they are 
easily calculated as follows: 


1?=2a+8a"(B2+761), (16) 


1?=1?—40(Bi:+7)’. (17) 
Comparison of Eq. (16) with Eq. (9) reveals that 
l2=2a’. (18) 


Thus it is J, that is obtained by the analysis of the 
intensity curve, because, as will be described in the 
following section, a’ is treated as a parameter to be 
determined by least squares calculation. This is in 
sharp contrast to the fact that for the equilibrium dis- 
tance, r, is directly obtained by the measurement, 
whereas r, is too difficult to be calculated. 


and 


3. Method of Least Squares 


The least squares method has the advantage that it 
is not influenced by the termination effect which is 
encountered in the radial distribution method. At the 
same time it makes it possible to get the most reason- 
able values of the parameters with their standard errors. 
The procedure applied here is essentially the same as 
that reported by Bastiansen, Hedberg, and Hedberg.” 
The observed values of molecular intensity gM(q) at 
each g value,§ denoted by Fo, are fitted by F., the 
theoretically calculated values of gM(q), so as to 
reduce the square sum of residuals as much as possible, 
by changing the molecular parameters which specify 
the F,. 

For the analysis of the diffraction data of GeCl, and 
CCk, the following formula corresponding to Eq. (7) 
is assumed for F;: 


F.=i{Ci(1/ra1) exp(—ay’s?) sins(ra1—K;5?) 

+C2(1/ree) exp(— a's?) sins (%a2— K2S?) }, (19) 
in which the subscript 1 designates the Ge-Cl or C-Cl 
pair and 2 the Cl-Cl pair. The r,’s in the denominators 


%Q. Bastiansen, K. Hedberg, and L. Hedberg, J. Chem. Phys. 
27, 1311 (1957). 

§ The analysis in this article was carried out by use of the 
q scale (g=10s/r) though the description of the article is pre- 
sented by the term s. 
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TaBLe I. Results of the least squares analysis of the molecular 
intensity curves of GeC at 23°C. 





With five unknown With seven unknown 
parameters parameters 





0.97,4+0.02; A 


0.97,+0.02; A 
2.112;+0.001; 


2.110 9+-0.001, 
3.44330 .006; 
0.048.+0.002, 
0.099,+0.003; 
—0.53+0.50 
1.8643.1 


4 

Tai (Ge—Cl) 
ra2(Cl—Cl) 
(2a,’)4(Ge—Cl) 
(2aa’)*(CI—Cl) 
x, (Ge—Cl) X 10° 
xe(CI—Cl) X 108 





in Eq. (7) were safely approximated by r,’s. The 
coefficients 


8 | Fae*(s) || Fei*(s) | itis 
Dl Fe) P+ LSS) 





Ci(s) = (20) 


12 | Fe*(s) |2 


Ce = 
STF) FD Sus)’ 





(21) 


are numerically calculated at each g by use of a number 
of tables'**".20 and inserted into Eq. (19). The 
parameters to be determined by least squares are ra, a’, 
and «x for each atom pair and the index of resolution 7. 
The preliminary values of the parameters for the 
starting model of least squares are given by the analysis 
of the radial distribution curve. The result of the radial 
distribution curve was so close to the final one that only 
one trial was necessary to get well-converged values. 
As for the weight to be multiplied to the difference of 
Fo—F, at every q in the calculation of least squares, 
we have no exact knowledge except that it decreases at 
both ends of large and small g values. An approximate 
form was tentatively assumed for each case so as to 
realize the damping feature of the observed curves. All 
the numerical computations were carried out by the 
use of the parametron digital computer PC-1, at the 
Department of Physics. 


4. Radial Distribution Function 


The modified radial distribution function which 
offers the starting model is provided by the Fourier 
transformation of the ideal molecular intensity with an 
artificial damping factor exp(— bs), that is, 


f(r) = [°sm(s) exp(— bs?) -sinsrds. (22) 


The ideal molecular intensity sM‘(s) is that of a 
fictitious model which has constant scattering factors 


instead of the true atomic structural factors depending 
on s, 


oT 22; SINSTe 
wd (s) 2721) Te 





exp[— (B+a’) s*].(23) 
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This is the very function that was introduced by 
Bartell, Brockway, and Schwendeman,’ except for a 
term exp(— Bs?) which expresses the phase shift due 
to the failure of Born approximation. The factor B 
can be properly assumed“ by the condition that the 
function exp(— Bs?) expresses the term cosAn with 
minimum deviation in the required range of s, 


[cosAn(s) —exp(— Bs?) Jexp[— (a’+5)s?]ds=0, 
(24 


0 


where 5 is an artificial temperature factor for eliminating 
the termination effect. The value of B was estimated 
to be 0.464 10-* for the Ge-Cl pair, by the value of 
cosAyn obtained from the table of Ibers and Hoerni and 
corrected for the accelerating voltage 45 kv by the use 
ci their transformation formula. 

The correction of sM(s) to sM‘(s) was made by the 
procedure proposed by Brockway, Bartell, and Schwen- 
deman,® that is, the difference between M‘(s) and 
M(s) is calculated for an approximate model, the 
difference AM(s)=M‘*(s)—M(s) is added to the 
observed molecular intensity, and the structural param- 
eters of the model are successively corrected with the 
result of the analysis of the radial distribution curve 
which is obtained by the Fourier transformation of the 
sM*(s)+sAM(s). 


RESULTS AND DISCUSSION 
GeCl, 


Four curves of the observed molecular intensity were 
separately analyzed by the method described in the 
preceding. They gave results sufficiently consistent 
with one another, the average of which are listed in 
Table I with the standard deviations. The weight 


function w(q) in the least squares was tentatively 
chosen as 


w(q)=Nigexp(—ag’?) for 859825, 
w(qg)=1 for 25Sq843, 
w(q)=Noegexp(—mg’*) for 43S9¢S97, 





i 1 1 1 


20 40 60 80 100 
qd 
. 1, Calculated and observed molecular intensity curves of 
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where a,=8.00X10~ and a,=2.7010~. Normaliza- 
tion coefficients V, and Nz are taken so that the weight 
function w(q) is continuous at g=25 and 43. The least 
squares treatment was applied to the molecular in- 
tensity curves, first with five unknown parameters, i, 
a’, a2, fo1, ANd ee, neglecting the parameters x, and ke, 
and then with seven parameters including x; and x2. 
Equation (19) shows that the anharmonicity of vibra- 
tion produces a phase shift —xs?, in the molecular 
intensity curve, so that it seems better to carry out 
the calculation with seven parameters. It was re- 
vealed, however, that the values of the mean amplitudes 
obtained with seven parameters were almost the same 
as those obtained with five parameters and the dis- 
tances were only slightly affected within the magnitude 
of the standard error. In addition, as the standard 
error of the phase shift parameter «x is of comparable 
order with the value of « itself, the values of « obtained 


Ge-Cl 
(a) 


Cl-Cl 


oF De 
3 4 








Fic. 2. Radial distribution curve of GeCl. Curve B indicates the 
difference between the experimental RD (curve a) and synthetic 
RD for the final model. 


are meaningless. Thus there is no substantial difference 
whether the analysis is performed with five or with 
seven parameters. 

The calculated molecular intensity curve is com- 
pared with the observed one in Fig. 1, and the experi- 
mental radial distribution curve f(r) is shown in Fig. 2. 
It is well fitted by Gaussian peaks computed with the 
molecular parameters determined by the least squares. 
The difference between the experimental and the 
calculated f(r) is plotted in Fig. 2. The maximum 
difference is about 3% of the height of the Ge-Cl peak; 
it is comparable to the level of the ghost signals. 

The observed background line is compared with the 
theoretical one in Fig. 3. The theoretical background 
intensity for an r* sector was calculated by the equation 


1(q) = (1/4) (1—8(g)) {LP EQ)? + DSi), (26) 


where 
5(q) = (3/3200) a9’, 


a constant coefficient beimg omitted. Equation (26) 
was derived by taking into account the intensity of 


— Cale. 


---- Obs. 








Fic. 3. Background line of GeCl. The deviation beyond g=70 
is due to the finite spread of gas molecules at the nozzle. 


scattered electrons which hit a unit area of a plate 
placed at right angles to the primary beam. 

The distribution of gas molecules around the nozzle 
was estimated by the discrepancy of the slope of the 
observed background line from the theoretical one, in 
the region of g larger than 70 as shown in Fig. 3, and 
the corresponding corrections of the root mean square 
amplitudes were found to be —0.0013 A for the Ge-Cl 
and —0.0016 A for the Cl-Cl pair, respectively. 

In Table II the final results of the analysis are 
tabulated, in which the distance parameters r, were 
computed by Eq. (12) and the mean amplitudes were 
corrected for the finite sample size. The standard errors 
were determined by considering the standard devia- 
tions of the least squares as well as other possible 
systematic errors. The effect of uncertainty in the 
values of cosAn for the Ge-Cl pair was assumed to 
be about 2%. 


1. Equilibrium Distance 


In order to obtain the equilibrium distance ,,, 
we have to have the correction terms in the expression 
of 

1e=ta+2a'/r.—2ya' — 2,0’ —120'*(83+-yB2). (8) 


As for , the perpendicular amplitudes (Ax?) and (Ay?) 
must be evaluated, in addition to the parallel amplitude 
(Az). They are easily obtained by the relation” 


((xs—23)?)=[D 7 (M“'B’) YU'(2")’(Q*)2-U 
if (M"B’)], (27) 


The & matrix elements were calculated with the force 
constants obtained by the consideration described 


TABLE II. Final result for the molecular parameters of 
GeCk, at 23°C. 





Ge—Cl cl—Cl 





2.11320.003 A 


3.444+0.006 A 
0.047,+0.003, 


0.0975+0.003, 
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TABLE III. Parallel and perpendicular mean amplitudes of GeCl, in A comer by the use of the force constants obtained by the 
present study (at 296°K). 





Pair (Az?) (Ay*) (Ax?) r 2a/r 2ya 





Ge—Cl 
Ci—Cl 


0.002028 
0.009708 


0.007798 
0.003571 


0.009790 
0.010711 


2.113 
3.444 


0.00096 
0.00282 


0.00416 
0.00207 





below. The results of the calculation are listed in mean square amplitude must be corrected by an in- 


Table III. 

The term —2a’B,—12a’?(83+~7f2) is estimated to 
amount to —0.006 A, if a Morse type potential func- 
tion is assumed 

V(r) =D{1—exp[—a(r—r.) }}?, (28) 
with a=2.0 A“. The correction is comparable to the 
term of 2ya’, or rather larger than that. For the present 
as the exact values of the anharmonicity parameters are 
not available, it is impossible to get the r. with suff- 
cient accuracy. 


2. Mean Square Amplitude 


As mentioned in the preceding section, the mean 
square amplitude obtained by the experiment is a’, 
whereas the quantity obtained by the theoretical 
calculation is 2a= (Az*), that for the harmonic po- 
tential. In order to obtain the mean square amplitude 
which may be compared with the experimental result, 
we must make a correction for the anharmonicity of the 
potential function, which is expressed by the term 
4a*(B2+6:) in Eq. (9). To make the argument simple, 
a case of diatomic molecules is taken as an example. 
In this case y=0, and 6 has the following relation to 
the Morse function parameters: 


B2=0*/2, (29) 


a=2nv.(u/2D,)}, (30) 


X%e=hv./4D,. (31) 
For the calculation of the correction term, 4af2, an 
approximate relation, 
2a=h/8r*ux,, (32) 
which holds exactly only in the ground state, can be 
safely used, and the result is 
12=2a' =2a(1+4a62) =2a(1+2,). (33) 
Therefore, the correction is of the order of x. In fact, 


Reitan™ calculated the effect for a number of diatomic 
molecules and arrived at a similar conclusion that root 


crease of about 1%. 

In this connection it must be mentioned that the 
theoretical calculation should be performed by the use 
of the frequencies y, but the actual frequencies we have 
for GeCl, and CCl, are »’s: we have no means of secur- 
ing the anharmonicity factor of these molecules. As the 
mean square amplitude is approximately inversely pro- 
portional to the frequency, as indicated by Eq. (32), the 
true mean amplitude is obtained by multiplying the 
factor v/v, to apparent mean amplitude i? which was 
calculated by substituting » for »,, 


2a= (Az?) =h?- vp/ve=k?(1—22,). 
Therefore 
2a’ =k? (1+) (1—2x,) =h?(1—2.). 


Thus the correction due to the »’s would be partially 
canceled if we used a’ instead of a in the comparison 
of the observed mean amplitude with the calculated 
one. This consideration is valid only for diatomic mole- 
cules. However, even in polyatomic molecules, the error 
would be of the order of x,, and the comparison of 2a’ 
with i? would have the smallest deviation. Considering 
the accuracy of the measurement of mean square 
amplitude by electron diffraction at present, we can 
safely neglect the correction and directly compare 2a’, 
the factor obtained by electron diffraction, with the 
values calculated by the use of fundamental frequen- 
cies y. 


(34) 


(35) 


3. Force Constants 


The general quadratic form of potential energy 
expression of a tetrahedral molecule is given by 


2V = Doh (Ars)?-+ > 2h (Ars) (Ar;) +> ha( rebar)? 
+) 2haa(reAcesj) (reba) +) 2haa’ (reAcrsj) (reAcces) 
+ > 2kaArs (recs) + > 2kra’Ari(reAcjn), (36) 


where Ar denotes the displacement of bond distances 
and Aa the change of valency angles. This equation 
has seven force constants, but the symmetry of the 
molecule Tz reduces the number to five: 


2V = Fy, Si?+-F 22 ( Soa?-+-Sos) + F'33( Ssa?-+ Ssu?-+ S3.?) 
+2Fu(Ssa Stat Sp Sao+ S3eSic) 


+Fu( St?+ Sa?+ Su), (37) 
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TABLE IV. Fundamental frequencies vo of GeCl, in cm™. 


AND GeCl, 


TABLE V. Force constants of GeC), in millidyne/A. 





(A) v3(E) v3(F2) v4( Fs) 





396 132 453 172 





where 

Si=271(An+An+An+An), 
Saa= (12) 47,(2Acr2— Aores— Aars3— Aary— Arn +2Acrx), 
Sop = 2-7, (Acrs— Aons+ Aaru— Aon), 
S3a=674(Ari+Ar.—2Ars), 
Sx = (12) 4(An+Are+Ars—3Ar), 
Sxe=24(—An+Ar), 
Sta= (12) 44,(2Acr— Actes— Aoys + AautAan—2Aax), 
Sap= 647, (Aare + Actes + Aar3— Ary — Aor — Aces) , 
Ste=2-'¥4( Aas — Aorys— Aout Acar), 

Ss= 647, (Acra t+ Acrs+ AaystAcu+Aan+Aay). (38) 


The elements of the F matrix have the following rela- 
tions to the constants in Eq. (36) : 


Fy=ky+3her, 

F= (Ra— haa’) —2 (haa haa); 
F y= hy— kerr, 

Fyu=V2(hra— ra’), 

Fu=ka— haa’. (39) 


The symmetry coordinates relate to the normal co- 
ordinates by the transformation matrix L, 


S=LQ. 


Ma 


(40) 








Fic. 4. Correlation curve of ,(Ge—Cl) and /.(CI—Cl) of GeCk. 
The shaded area indicates the observed values. The boundary 
lines are drawn to show the standard errors. The cross corresponds 
to the Urey-Bradley force field. 


For internal coordinate 
system 


For symmetry coordinate 
system 





2.7940.23 
0.16+0.08 
0.18+0.01 
0.03+0.01 
0.0940.14 


Fy 3.276 ky 
Fe 0.121 Ree 
Fx 2.6320.30 hahaa’ 
Fy 0.12+0.20 aa— kaa 
Fy 0.18+0.01 Rra—kra’ 





Now, the method to calculate mean square ampli- 
tudes was previously presented by Morino et al.™; the 
mean amplitude of the vibration of a pair of the atoms 
whose displacements are given by the matrix relation 


AR=AS, 


is given by 


(AR?) =A’L (Q*)L’A, (41) 


where (Q?) is a diagonal matrix having the elements of 
(Q*) c= (4/8x*v;) coth(hy,/2kT). (42) 


For a tetrahedral molecule Eq. (41) provides the 
following equations: 


1?(Ge-Cl) =3Gn (Q?)+$Le(Q?)+ilwQ?), (43) 
b?(CI-Cl) = 3G11(Q1?) +5Ga2 (Qs?) +3 (2L 33+ Lis)? (Q3*) 
+3(2Lu+Lu)?(Q2), (44) 


where the G,;’s are the elements of the well-known 
Wilson G matrix and are given by the masses of the 
atoms and the geometry of the molecule. L33, Ls, and 
Ly are calculated for every set of Fs, Fx, and Fu which 
satisfy the two observed frequencies, v3 and », through 
the secular equation |GF—)E |=0. As infinite sets of 
force constants are allowed to express the A; and \y, 
there must be a correlation between the values of |, 
and / which satisfy the two frequencies. They were 
calculated by thezuse of the fundamental frequencies 
measured by the Raman effect (Table IV). The 
result is shown in Fig. 4, where the observed values of 
the root mean square amplitudes are indicated by the 


TABLE VI. F matrix elements of GeCl, in millidyne/A calculated 
with the assumption of Urey-Bradley force field. 





If Present experiment 





Fs : 2.639 
Fu : 0.106 
Fu ; 0.174 


2.63+0.30 
0.12+0.20 
0.18+0.01 





* With an assumption of H’=0. 
b With an assumption of F’=—F/10. 


* Morino, Kuchitsu, and Shimanouchi, J. Chem. Phys. 20, 
726 (1952). 
% Delwaulle ef al., J. Phys. radium 15, 206 (1954). 
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TABLE VII. Results of the least squares analysis of molecular intensity curves of CCl at 22°C. 





Observer ra (C—Cl) rex(CI—Cl) — (2ay’)#(C—Cl) —(2aa’) #(CI—Cl)_ ms (C—Cl) X10 «2(CI—Cl) K10 i 





1.769+0.0031 
1.768+0.0031 
1.759+0.0033 
1.769+0.0062 
1.76320.0036 


1.7653+0.002, 


2.888+0.0016 
2.887+0.0019 
2.882+0.0013 
2.899+0.0031 
2.888+0.0018 


2.886,+0.002; 


0.0531+0.0020 
0.0499+-0 .0022 
0.0497+0.0024 
0.0503+0 .0042 
0.0525+0.0024 


0.0513+0.0014 


0.0736+0.0011 
0.0723+0.0012 
0.0697+0.0013 
0.0737+0.0022 
0.0718+0.0013 


—5.7+3.1 
—4.744.4 
3.143.5 
2.8+6.2 
—3.043.6 


—1.2+1.9 
—4.842.6 
0.92.1 
1.543.8 
3.942.2 


99.9+1.5 
93.7+1.6 
99.44+1.7 
94.543.1 
95.5+1.8 


0.0721,40.000; —2.1:+2.6; O.lot1.4o 97.07;+1.3; 





TABLE VIII. Final results for the molecular parameters of CCl at 22°C. 








Present measurement 


Bartell, Brockway, and Schwendeman 





Cc—Cl 


1. 76530.002 
0.0014 
1.766;+0.003 
0.0513+0.001 
—0.0012 
0.0505+0.002 


Cl—Cl 
2.88640 .002; 
0.0017 
2.888;+0.003 
0.0721,+0.000, 


To 
2a/r 
19 
(2a’)! 
Al 
l, 





Cc—Cl 
rrep=1.769+40.003 


rrp’ =1.766+0.003 


Cil—Cl 
rrp=2.887+0.004 


0.058+0.005 0.068+0.003 





shaded area, the boundaries being drawn by the 
standard errors. The values of the F matrix elements 
corresponding to the line belonging to this area are 
shown in Table V. It should be noted that each of the 
force constants listed in Table V is not independent 
but must have a mutual correlation by the restriction 
that the set of force constants is consistent with the 
observed fundamental frequencies. 

The values of force constants in the usual potential 
energy expression of Eq. (36) were calculated by 
Eq. (39) and are listed in Table V. 

The Urey-Bradley force field 


2V = SOK (Ari)*+ 20H (reAas)?+ DF (Age)? 
+ 02H’ r2boejt+ DI2F'ge(Ags), (45) 
has the following relations to the F matrix expression: 
Fu=K+4F, 
Fo=H+§F —3F'+[1/(8)*]H’, 
Feu=K+$F+3F’, 
Fu=3(F+F’), 
Fu=H+$F —3F’—[3/(8)*]H’. (46) 


The F matrix elements corresponding to the Urey- 
Bradley field which satisfy the observed frequencies are 
listed in Table VI, one with the assumption H’=0,” 
and the other with F’=—F/10.” Both sets of mean 
amplitudes which were calculated with these constants 
are indicated by the cross in Fig. 4. Thus it can be 
concluded that the molecular field of germanium tetra- 
chloride is very close to the Urey-Bradley force field. 


% T, Shimanouchi, J. Chem. Phys. 17, 245 (1949). 
27 T, Shimanouchi, J. Chem. Soc. Japan 74, 28 (1953). 





It should be mentioned that Cyvin” also arrived at the 
same conclusion, using his new secular equation 
method for calculating mean square amplitudes. 


CCl, 


The same treatment was applied for carbon tetra- 
chloride. The least squares calculation was carried out 
with seven unknown parameters. The weight factor for 
the measurement was assumed to have a similar form 
to that for GeCl, with the slight modification that the 
weight was assumed to be unity from g=21 to 60, 
both sides of which were spliced by two Gaussian 
functions: 


w(q) =expl—0.040(g—21)?], for 
w(g)=1, for 
w(q) =exp[—0.002(q—60)?], for (47) 


This function is somewhat arbitrary and of no par- 
ticular significance, of course, but it was found that the 
result was not sensitive to the assumption about the 
weight factor. 

In order to check personal errors made by observers 
and fluctuations of photographic plates, three persons 
performed independent measurements on different 
plates. The results are shown in Table VII, in which 
the figures after + signs indicate the standard devia- 
tions in the least squares, not including systematic 
errors such as those due to finite sample size. Table 
VII clearly shows that the variation of results from 
person to person is of the same order as that arising in 
the course of one person’s measurement and of the 
order of the standard error. Judging from the magnitude 


19Sq821, 
2159500, 
60549895. 


% S. Cyvin (private communication). 
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of the standard deviations, the values of « are meaning- 
less, just as in the case of GeCl,. The mean values listed 
on the lowest line are the weighted mean of the five 
observations, by taking into account their standard 
deviations obtained by least squares. 

The distribution of gas molecules around the nozzle 
was found to require a correction of —0.0012 A for the 
root mean square amplitude of the C-Cl pair and 
—0.0025 A for that of the CI—C1 pair. The error in the 
measurement of the scale factor which might give a 
direct influence on the atomic distance was estimated 
to be about 0.1%. It gives to the mean amplitudes an 
error of the same order but it is negligible compared 
with the standard errors. 

The final values corrected for the finite sample size 
are shown in Table VIII. It is noted that the results 
are in excellent agreement with those of Bartell, 
Brockway, and Schwendeman,’ except the root mean 
square amplitude of C-Cl: 0.0505+0.002 A is defi- 
nitely smaller than their value, 0.058+0.005 A.|| 

As for the calculation of the force constants, the same 
procedure as that applied to GeCl, was found to give 
the result shown by curve A in Fig. 5. In this calcula- 
tion the frequencies observed by the Raman effect in 
the gaseous state” were adopted for the frequencies of 
the normal vibrations (Table [X). It is well-known 
that the » is perturbed by a Fermi resonance with 
+ to yield a doublet, 751.1 and 790.6 cm“. The 
frequency of the stronger line, 790.6 cm was used as 
the frequency of »3. It will be recognized that the 
shaded square for the observed values cuts the theo- 
retical curve A only with an edge. It seems likely that 
one of the reasons for this discrepancy comes from the 
ambiguity of the frequencies due to the Fermi reso- 
nance and other causes. If small deviations are allowed 


I, (CI-Cl) | 
A 
0.070 








1 1 
0.055 A 
i, (C-Cl) 


Fic. 5. Comparison of the observed and calculated root mean 
square amplitudes of CCl. Curve A indicates the calculated values 
with the observed frequencies, point B designates the calculated 
values for the most probable set of force constants, and cross C 
corresponds to the Urey-Bradley force field for the set of frequen- 
cies of point B. 


1 1 4 
0:050 


———_—_—_—<——_ 


Phage communication. Bartell obtained 0.058 A in place of 
0.060 A. which he reported in reference 9, by recalculating the 
correction for the failure of the Born approximation. 

29 Morino, Watanabe, and Mizushima, Sci. Papers Inst. Phys. 
Chem. Research, 39, 348 (1942). 
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TaBLe IX. Comparison of the frequencies and root mean square 
amplitudes of CCl, at 295°K. 





Observed Calculated Difference 





455.7 cm7 
213.5 
790.6 
309.7 


1(C—Cl) 0.0505 A 
1(CI—Cl) 0.0696 


454.0 cm™ 
211.2 
794.9 
304.4 


0.0515 A 
0.0688 


+0.4% 
+1.1% 
-0.5% 
+1.7% 


—1.8% 
+1.2% 





for the frequencies as well as for the mean square 
amplitudes, it might be interesting to select a set of 
force constants which represent both the frequencies 
and the root mean square amplitudes with the smallest 
deviations in the sense that 


DEC pbs— y ale /ver*P+ C1 pbs—]jeale) /] poe? 


=min, (48) 
where equal weight is tentatively assumed for »; and 
1;.4 The best set of the root mean square amplitudes 
and the frequencies thus obtained are compared with 
the observed ones in Table IX, and the elements of the 
F matrix corresponding to this choice are tabulated in 
Table X. In the latter the figures after the + signs 
indicate the ranges of the force constants found only 
when the root mean square amplitudes have devia- 
tions which are the same as the observed standard 
errors. Point B in Fig. 5 designates this best choice. 
Though it does not coincide exactly with the observed 
point O, it is positively within the shaded area of the 
standard errors of the observation. 

The force constants in the usual potential expression 
(36) in terms of the displacements of bond distances 
and bond angles were calculated from the F matrix 
elements thus obtained; the result is listed in Table X. 
They compare well with those of germanium tetra- 
chloride shown in Table VI. 

One of the main objects of this study is to examine 
the availability of the Urey-Bradley force field, as 
already mentioned. The mean amplitudes of the 
force set of the Urey-Bradley type** which satisfies 
the four frequencies of the best set is indicated by 
cross C in Fig. 5. It does not fall in the shaded area 
of the observed point O, but it is located very close 
to the borderline of the area, and it is surely within the 
same range from the point B of the best set, which is 
shown by dotted lines. Judging from the nature of the 
estimated errors, this point can not be excluded as an 
unreasonable choice, but rather it may be preferable to 
say that the Urey-Bradley field is approximately 


_ {It may be most reasonable to assume the weight of each quan- 
tity to be proportional to its accuracy, but the accuracy of the 
frequencies can not be evaluated because of the Fermi resonance 
and other unavoidable causes. 

** With the assumption of F’= — F/10. 
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TABLE X. Force constants of CCl, in millidyne/A. 





For internal 
coordinate 
system 


For symmetry 
coordinate 
system 


For Urey-Bradley force system 


Present authors Shimanouchi 





Fy 4.305 ky 
Fe 0.311 Rer 
Fs 3.3520.75 Ra—kaa' 
Fy 0.52+0.21 hea hea’ 
Fu 0.3820.03 kra— kra’ 


3.5940.56 
0.24+0.19 
0.3840.03 
0.03+0.01 
0.36+0.15 


K 2.320.386 
H 0.34+0.20 
F 0.50+0.22 : 
F’ 0.28+0.38 —0. 
H’ —0.31+0.37 —0. 





realized. The conclusion is also supported by the fol- 
lowing comparison: the values of the constants, K, 
H, F, F’, and H’ of Eq. (45) are calculated by use of the 
relations (46) from_the F matrix elements obtained 
above, without any restriction imposed upon F’ or H’. 
The values thus obtained, which are listed in Table X, 
are compatible with the assumption of F’=—F/10 
or H’=0, which has frequently been assumed for the 
usual Urey-Bradley type of force field. The set of force 
constants obtained by Shimanouchi,” though they 
were adjusted to the frequencies of liquid carbon 
tetrachloride, are also included in the range of errors. 
Looking at Table IX, it will be noticed easily that the 
discrepancies of the frequencies are not confined to the 
v3 which suffers a perturbation by Fermi resonance but 
they are equally distributed over all the frequencies. 
Thus it seems likely that the discrepancies are not 
only due to the Fermi resonance_but also due to the 
anharmonicity of the frequencies. In fact, in a tetra- 
hedral molecule three fundamental frequencies are 
degenerate so that the effect of anharmonicity would 
be exaggerated two or three times. Moreover, the 
location of curve B corresponding to given values of 
vs and %, is sensitive to the frequency of the v. In this 


sense it would be most indispensable to get exact 
values of »., the frequencies of normal vibrations, not 
the » of the fundamental frequencies. 

In this connection it is supposed that the anhar- 
monicity is more serious in CCl, than in GeCl, because 
the calculated values of the mean square amplitudes are 
closer to the observed ones in GeCl, than in CC. It is 
likely that the compact packing of chlorine atoms in the 
carbon tetrachloride molecule would produce a force 
field with high anharmonicity, whereas in germanium 
tetrachloride larger atomic distances would bring the 
molecular field to a more regular one. 
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The plane steady-state detonation pressure behind the reaction zone of liquid TNT is reported. This 
pressure of 171.8 kilobars was established by measuring free-surface velocity as a function of plate thickness 
for 2024 aluminum plates placed in contact with the detonating explosive. The zero thickness metal shock 
pressure, obtained by extrapolating the free-surface velocity data, is corrected to the corresponding detona- 
tion pressure by an impedance matching calculation. Recording was done by a sweeping-image camera 


technique. 





INTRODUCTION 


HE Hugoniot pressure-volume relationship for un- 

detonated liquid TNT (trinitrotoluene) was pre- 
viously reported.' This work is extended in the present 
paper to a determination of the detonation pressure for 
a plane steady-state detonation in liquid TNT. 

Experimental data for TNT are of particular interest 
because this material can be readily investigated in 
both the solid and liquid states, thereby making avail- 
able data for significant variations of both initial dens- 
ity and initial internal energy. Specifically, Deal? and 
Campbell ef al. have reported results, respectively, 
on the detonation pressure and the detonation velocity 
of the normal density solid. Current investigations by 
James et al.‘ and by Seely® will give detonation velocity 
dependence on initial density for both the solid and the 
liquid. 

In light of the substantial shock pressures supported 
without detonation,! it was not clear, when present work 
was begun, that liquid TNT could be initiated without 
overdrive of the steady-state detonation pressure. 
Contemporary work by Seely, however, suggested that 
this could be done, and his initiation scheme has been 
used in the present program. The possibility of consis- 
tent errors due to overdrive has also been investigated 
by experimentation reported here. 

The author is further indebted to Seely for his value 
of the detonation velocity of 92°C liquid TNT. His 
value of the detonation velocity is combined here with 
results of present experimentation to determine the 
desired detonation pressure. 


EXPERIMENTAL METHOD 


An optical technique used by Deal? was applied to 
measurements on detonating liquid TNT. A typical 
assembly is illustrated as Fig. 1(a). Initiation was by 


* Work done under auspices of the U. S. Atomic Energy 
Commission. 
1 W. B. Garn, J. Chem. Phys. 30, 819 (1959). 
2 W. E. Deal, J. Chem. Phys. 27, 796 (1957). 
( oe alin, Boyd, and Hull, Rev. Sci. Instr. 27, 567 
1 ‘ 
4 James, Smith and Urizar (to be published). 
5 L. B. Seely (to be published). 
*R. E. Duff and E. Houston, J. Chem. Phys. 23, 1268 (1955). 


means of an 8-inch diameter plane-wave exposive sys- 
tem, consisting of a lens and 2 inches of Composition 
B. The 8-inch diametergTNT sample was detonated 
through a 1}-inch Micarta shock attenuator plate. 
A carefully controlled oil heating bath surrounding 
the test sample maintained the liquid TNT, a solid at 
ordinary temperatures, in the] liquid state at¥92°C. 
Both the heating bath and the liquid sample were 
rapidly stirred before and during detonation in order to 
assure temperature uniformity. 

The explosive pressure was obtained by measurement 
of free-surface velocity as a function of plate thickness 
for metal plates placed in contact with the TNT sur- 
face. Recording was by means of a sweeping-image 
camera technique.'? Light for the record is produced 
when the 0.003-inch argon gaps under the slits [Fig. 
1(b)] are closed by shock arrival at the plate surface 
and by the aluminum free-surface arrival at the 
Plexiglas step. A typical record is reproduced as Fig. 2. 
The offset between the surface and free-run traces gives 
the free-surface time of flight. Dividing the Plexiglas 
step depth by this time determines the desired free- 
surface velocity. 


DATA AND RESULTS 


The 2024 aluminum free-surface velocities for 12-inch 
charge lengths and various aluminum thicknesses are 
listed in Table I and plotted in Fig. 3. These data are 
extrapolated to zero metal thickness to remove effects 
of the rarefaction (Taylor wave) on the detonation 
pressure. Actually, the use of very thin aluminum plates 
should reveal shock strengths which are substantially 
above the shock strength indicated by the present 
extrapolation. This well-known effect is attributable to 
the explosive reaction zone. Measurements by Duff and 
Houston® for solid Composition B show the reaction 
zone affecting about the first millimeter of metal. 
Concurrent investigations’ suggest that the effect is 
much less extensive for liquid fexplosives. The*2024 
aluminum thickness in the present experiments®was 
varied from 24.4 mm down to 3.81 mm and the extrapo- 
lated free-surface velocity corresponding to zero metal 


7A. W. Campbell and W. C. Davis (private communication). 
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thickness is 2.427 km/sec. This free-surface velocity 

corresponds, by using available data for 2024 alumi- 

num,® to a metal shock pressure P,, of 234.5 kb and a 
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Fic. 1(a). Cross section of complete assembly showing explo- 
sive, pevy liquid tank, liquid TNT, and 2024 aluminum test 
plate with Plexiglas step-blocks and slit plate. (b). Detail of 
Plexiglas step-block assembly under slits. Seven slits parallel to 
the plane of the figure were used giving seven simultaneous meas- 
urements. Sweep direction of camera is perpendicular to the slits. 


shock-wave velocity U, of 6.977 km/sec. Then, by ap- 
plying the successive approximation Eqs. (1) through 
(6)? for the Chapman-Jouguet condition and assuming 


8 Walsh, Rice, McQueen, and Yarger, Phys. Rev. 108, 196 
(1957). 
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Fic. 2. A typical record obtained from the assembly illustrated 
in Fig. 1 used for determining 2024 aluminum free-surface velocity. 
Seven slits (5, through S;) are used giving seven data points. 


the use of these equations for the plane steady-state 
detonation does not introduce significant errors, the 
pressure can be evaluated from the zero thickness 
2024 aluminum free-surface velocity and the constants 
of the explosive and aluminum.? 


Pej= Pml1+R(poeD2/pomU.) V(I+R), (1) 


where 
R= D,/(D:— U.;) ’ 


D,={[Pu2t—2PmPej/(y+1) 

— Pe#(y—1)/(y+1) V2 (Pm— Pes) pei/ (v+1) 3}, 
(3) 
(4) 
(5) 
(6) 


(2) 


= (ueD#/P.)—1, 
U.;=D,/(y+1) =C-J particle velocity, 
Pej= Poe (¥+ 1)/y= C-J density, 


P,,=induced shock pressure in metal, 

P.;= Chapman-Jouguet explosive detonation pressure, 
pom = initial density of metal, 

poz= initial density of explosive (liquid TNT), 

D,= detonation velocity in explosive,‘ 

U,=induced shock velocity in metal. 


TABLE I. Experimental free-surface velocities for various thick- 
nesses of 2024 aluminum in contact with 8-inch diameter liquid 
TNT charges. Errors indicated are standard deviations of the 
averages. Vo=0.687 cc/g, To=92.0+1.0 deg C. 





TNT 
Sample depth 
(inches 


X 
Al thickness 


Number of 
(mm) 


data points 


Use 
(km/sec) 





2.398+0.017 
2.402+0.010 
2.397+0.029 
2.37520. 004 
2.3550.005 
2.254+0.009 


3.81 12 
3.81 9 
3.81 
6.35 
12.70 

25.40 
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Fic. 3. Free-surface velocity data resulting from 2024 aluminum 
plates in contact with detonated liquid TNT. The straight line 
is a linear least-squares fit to data. Error flags signify standard 
deviation of the averages. 


This calculation established the plane steady-state 
detonation pressure for 92°C liquid TNT as 171.8+1.4 
kb. The detonation pressure and other pertinent ex- 
plosive and 2024 aluminum constants and data are 
listed in Table II. 

Several additional experiments serve as a check on 
the foregoing results. In one series of shots, charge 
length was varied with 2024 aluminum plate’ thickness 
held constant at 3.81 mm. One shot each for charge 
lengths of 9 inches and 24 inches were both well within 
one per cent, in 2024 aluminum free-surface velocity, 
of results reported herein for the 12-inch charges. 
These results are listed in Table I. The 12-inch charge 
results are accordingly thought to be free from the 
pressure attenuation which would accompany an over- 
driven detonation wave. It should be noted that the 
first attempt to determine the liquid TNT detonation 
pressure was done using 3-inch charge lengths and a 1- 
inch thick (instead of 1}-inch) Micarta attenuator. 
The consequent extrapolated zero-thickness aluminum 
free-surface velocity was 1.2 % higher than that 
quoted for the given geometry. This work, compared 


TABLE II. Input data and results obtained by application of Eqs. 
1 through 6. 





Explosive density poz at 92°C = 1.455+0.002 g/cc 
= 6.600+0.006 km/sec 


=2.790+0.003 g/cc 


Detonation velocity D,5 at 92°C 
2024 aluminum density pom 


2024 aluminum free-surface velocity 
Uys. for X=0 


2024 aluminum shock velocity 
U, for X=0 =6.977+0.017 km/sec 


2024 aluminum pressure P,, for X¥=0 =234.5+2.7 kilobars 
= 171.8+1.4 kilobars 
= 1.791+0.015 km/sec 


= 2.427+0.017 km/sec 


Plane detonation pressure P 
Plane detonation particle velocity 
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Tasie III. Experimental free-surface velocities for 2024 alu- 
minum plates in contact with 5.750-inch diameter pressed TNT 
charges. Errors indicated are standard deviations of the averages. 
Vo= 0.687 cc/g. 





X TNT 
Al thickness Sample depth 
(mm) (inches) 


Une 
(km/sec) 





10.75 
10.75 
22.38 

7.75 
10.75 


2.340+0.005 
2.32320.005 
2.309+0.010 
2.35340.010 
2.133+0.006 





with results cited previously in this paper, does suggest 
a slight overdrive. Work with the 3-inch charge lengths 
was discontinued when attempts to significantly 
increase Micarta thickness, in order to test the over- 
drive hypothesis, lead to curved detonation fronts and 
erratic results. 

One shot was fired using a 3.81-mm thick magnesium 
plate instead of aluminum. The small correction 
(approximately 1 % needed in free-surface velocity) 
needed to extrapolate to zero plate thickness was esti- 
mated theoretically. The resulting free-surface velocity, 
3.271+0.011 km/sec, indicates a liquid TNT detona- 
tion pressure of 171.1 kb, in good agreement with 
results obtained with the 2024 aluminum plates. 

Additional experiments were done by using low- 
density pressed solid TNT samples. An elementary 
thermodynamic calculation (using (1/V)(dE/dP),= 
1.0) indicates a slightly lower (about 3 kb) detonation 
pressure for the solid when pressed to liquid density 
(1.455 g/cc). The lower pressure is due to the lower 
initial internal energy. Data for five solid TNT shots 
are listed in Table III. These results indicate a detona- 
tion pressure for the solid, at density 1.455 g/cc, of 
168+3.4 kb. The wide error limits are attributed to 
small but finite density variations within the charges, 
and the use of a simple over-all density in the analysis. 
The results are of interest because they demonstrate 
consistency between the liquid and solid detonation 
pressures. Also, solid TNT is sufficiently sensitive that 
initiation could be accomplished without risking over- 
drive. Actual initiation was accomplished with Baratol, 
an explosive of approximately 138 kb detonation pres- 
sure and higher shock impedance than TNT, so that 
the possibility of overdrive may be excluded. 

The present results can also be compared with pre- 
viously published data on solid TNT. Deal? reports a 
Chapman-Jouguet pressure of 189.1+1.0 kb for solid 
TNT of density 1.637+0.003 g/cc. This pressure 
determination utilizes an accepted detonation velocity® 
of 6.942+-0.016 km/sec. 
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In this paper the energies of the low electronic states of the Cz molecule are calculated, using a semi- 
empirical approach. In the calculation, the two-center core integrals, and the one-center Coulomb integral, 
are empirical parameters which are obtained by fitting of the Morse potential curves and from atomic data, 
respectively. The standard ASMO—LCAO state wave functions are expanded in covalent, single ionic, 
and double ionic components, which are constructed so as to obey the Wigner-Wittmer dissociation 
rules at infinite internuclear distances. The contributions for each component of the expanded state wave 
functions are obtained by the variational method. The states considered are 'Z,* state of the (4) con- 
figuration (of 2p orbitals), the *II, and "Il, states of the 2.(3)¢,(1) configuration, and the *2,-, ‘Ay, '2,* 
states of the 2,,(2)o,(2) configuration. The calculated energies of the '2,* and “II, electronic states agree 
well with experiment. Finally, a critical analysis is given of the coefficients of the expansion in covalent 


and ionic structures. 





1, INTRODUCTION 


ECENTLY a new family of molecules, the C, 
carbon polymers, were the subject of experi- 
mental'* and theoretical‘ studies. The status of 
spectroscopic information for the smallest species, 
namely: diatomic carbon Cs, is relatively well estab- 
lished when compared with that for C; and the larger 
polymeric forms. The latter are not known from 
spectroscopic data although the existence of Cs is 
known from mass spectroscopic data. A band system 
of the C; molecule has been found in emission and has 
been assigned to a'Z,+—'II, transition.** 

Our interest in these larger molecules makes further 
theoretical study of C, desirable. At least two points 
deserve comment about C,. Among the low excited 
states, the 'Z,+ and the 1A, states of the + +2,,(2)0,(2) 
configuration are not experimentally known. In addi- 
tion no transition has been observed between a triplet 
and a singlet state. For these reasons it appears to be of 
current interest to present a calculation which will give 
the amount of splitting between singlet and triplet 
states and attempt to predict the location of the pre- 
viously mentioned 'Z,+ and ‘A, states. The present 
calculation employs a semiempirical method in which 
one uses a convenient variational expansion of the 
molecular orbital wave function such as to ensure the 
correct dissociation energies, without introducing full 
configuration interaction. The method will be tested 


{ This work was partially presented at the Conference of 
Molecular Quantum Mechanics, Boulder, Colorado, June, 1959. 
; 950 A. Chupka and M. G. Inghram, J. Chem. Phys. 22, 1472 

1954). 

2 R. E. Honing, J. Chem. Phys. 22, 126 (1954). 

( 8 3 A. Chupka and M. G. Inghram, Jj. Phys. Chem. 59, 100 
1955). 

*K. S. Pitzer and E. Clementi, J. Am. Chem. Soc. (to be pub- 
lished); presented at the Annual Meeting of the National Acad- 
emy of Sciences, April, 1959, Washington, D. C. 

5 N. H. Kiess and P. H. Broida, Can. J. Phys. 34, 1971 (1956). 

® K. Clusius and A. E. Douglas, Can. J. Phys. 32, 319 (1954). 

7A. E. Douglas, Astrophys. J. 114, 466 (1951). 

® G. Herzberg, Mém. Soc. Roy. Sci. Liége 15, 291 (1955). 


against the experimental thermodynamic data of 
Hicks.® 

In Hicks’ work evidence is given for a splitting of 
1.38 ev at the equilibrium distances for the two elec- 
tronic states, *II,, the ground state, ‘II, and the lowest 
excited state. This is derived from measurements of 
the temperature coefficients of the Swan band” (II,— 
*J1,) and Phillips band" (!2,+—1II,) which showed 
the lowest 'Z,+ state to be 8 kcal (0.39 ev) above the 
ground state." From Hicks, the derived dissociation 
energy Do is 6.04 ev; additional evidence for this 
dissociation energy of C2 is given in our earlier paper.‘ 
The uncertainties of approximately 0.2 ev are inherent 
in the Hicks result in view of his experimental method. 

The molecular orbitals for the C, molecule, given in 
order of increasing energy, are K, K, o,(2s), o,4(2s), 
Tu(2pz), oy (2p.), ®o(2prz), ou (2pz) +++, The Tu( 2p) 
and the 2,(2,) orbitals are nearly equal in energy at 
the equilibrium internuclear distance (see our earlier 
paper for a semiquantitative diagram). The lowest 
configurations which may be constructed with these 
molecular orbitals, and the corresponding electronic 
states (which are constructed in accordance with the 
vector model and Pauli principle) are 


(a) 0(2)ou4(2) u(4) :1Z,+ 
(b) 09(2)ou(2)4u(3)o9/(1) :*Tl,, Ty 


(c) — ag(2) ¢u(2) wu(2)o9'(2) 2p, Ag, Bet 


The approximate location of these states was pre- 


(1.1) 


°W. T. Hicks, ‘“‘Spectroscopy of high temperature systems” 
(thesis), UCRL-3696 (February, 1957). 

10 J. G. Phillips, Astrophys. J. 4 

1 J. G. Phillips, Astrophys. J. ; 

12 When this work was alrea ly completed, we were informed by 
Dr. D. A. Ramsey that the 12,* state may be the ground state of 
the Cz molecule, in contrast with the 
dence given by Dr. Ramsey is based on a still incomplete analysis 
of the perturbations which appear in the rotational spectrum of 
the *2,~ state and which suggest that the *2,* state lies ~0.07 
ev below the ‘II, 


icks findi gs. The evi- 
le 
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dicted by Mulliken”: and the predictions were con- 
firmed by the subsequent experimental work on Cz. 

A transition between the (*II,—‘II,) states was 
observed by Phillips (Swan bands)" in emission and 
absorption, a transition between (12,+—'II,,) states by 
Phillips" in absorption, a transition between ('II,—'II,) 
states by Herzberg and Sutton” (Deslandres d’Azam- 
buja bands) in absorption, a transition between 
(1Z,+—12,+) by Landsverk’® (Mulliken bands) in 
absorption, and recently, a transition between (#2,-— 
‘TI,) by Ballik and Ramsey” in absorption (other 
studies involving configurations other than those 
enumerated, are summarized by Douglas’). 

Among the previous calculations on C; we note the 
work of Araki ef al."* who treated C, using the Heitler- 
London method, considering C,; as a four-electron 
problem they obtained a binding energy of 19.42 ev 
for the '2,* state, whereas this state became repulsive 
when they considered C; as an eight-electron problem. 
A very high binding energy was also obtained by 
Wolfsberg”® with an eight-electron calculation. Finally 
M. Ignatia Frye” treated C, with the Rothaan SCF- 
MO method using 4, 8, and 12 electrons with resulting 
binding energies (for *II,) of 10.0 ev, 2.1 ev, and 
—0.2 ev, respectively. The absence of configuration 
interaction is presumably the reason for the large 
deviation from the observed dissociation energy. 


2. SIMPLE ASMO SEMIEMPIRICAL CALCULATION 


In the present work we will consider the states which 
belong to the configurations (a), (b), (c), in Eq. (1.1), 
given in the previous section. The state wave functions 
are built up according to the ASMO-LCAO approxi- 
mation. The D,, symmetry for the homonuclear di- 
atomic molecules and the adoption of a spin-indepen- 
dent Hamiltonian allows the use of the reflection 
(+ or —) and the inverstion (« or g) symmetry opera- 
tors and the 5S, S,, A momentum operators as com- 
mutators. 

The state wave functions are then constructed to be 
simultaneous eigenfunctions of these commuting op- 
erators. The 1s and 2s electrons are considered as core 
electrons, the 2p, and 2%, as valence electrons. This 
choice does not imply that there is no hybridization 
between the 2s and 2, electrons, but only that we 
may do without taking it into account in view of the 


13R. S. Mulliken, Phys. Rev. 56, 778 (1939). 
4 R. S. Mulliken, Revs. Modern Phys. 4, 66 (1932). 
(1940) Herzberg and R. B. Sutton, Can. J. Research A18, 74 
% OQ. G. Landsverk, Phys. Rev. 56, 769 (1939). 
asst A. Ballik and D. A. Ramsey, J. Chem. Phys. 29, 1418 
18(a) Araki, Tutihasi, and Watari, Progr. Theoret. Phys. 
(Japan) 6, 135 (1951); (b) G. Araki and W. Watari, ibid. 6, 945, 
961 (1951). 
19M. Wolfsberg, J. Chem. Phys. 21, 2166 (1953). 
20M. Ignatia Frye (Doctoral dissertation, Catholic University 
of America, Washington, D. C., 1955). 
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subsequent adoption of semiempirical parameters. 
The molecular orbitals of interest are then given by the 
following expressions: i 


wut =[2(1+S,) 74(xat+a5*) 
=$(14+S.) 7A (x.+28) +i(ystys) J, 
my =(2(1+S,) 4(4a- +387) 
=$(1+S,)*[ (xs +28) —i(ystys) J, 
o=[2(1+5S.) F4(2.+28), 


where x, y, z denote 2p,(x), 2p2(y) and 2,(z) atomic 
orbitals, the subscripts A and B denote the two carbon 
atoms and S,, S, are the overlap integrals for 2p, and 
2. orbitals, respectively. The coefficients reduce to 
3 or 2-4 in the zero overlapping approximation, which 
we adopt following Pariser, Fumi, and Parr,”"* among 
others. 

Sample state wave functions related to the con- 
figurations (a), (b), and (c) in Eq. (1.1) are given 
below: 


Vv (I., b ) == 24 (aytitytey Gy +t.) ’ 
Vv ( TI, b ) = 24 (autitytay Gy — Ky ity ity o,) : 
W(15,+, a) =ayttytry ite, 


WPL, 6) =2A(aytty ogg tityt ey oF), 


(2.1) 


v (1A,, c) ae Wut Ty os 09 


W(1Z,+, c) =274 (ayy og g— tut Fu OG), (2.2) 
where we associate the upper bar with 8 spin and the 
absence of the upper bar with a spin. Clearly there are 
three wave functions for every triplet state considered 
with total spin momentum +1, 0, —1, but the use of a 
spin-independent Hamiltonian makes the three de- 
generate. Likewise + and — degeneracy exists for II 
and A states. The energies for these states are expressed 
in terms of core integrals J, Coulomb repulsion inte- 
grals J, and Coulomb exchange integrals K over the 
molecular orbitals given by Eqs. (2.1). The coefficients 
of these terms in the energy are given in Table I. 

The approximation of zero differential overlap is 
used in the reduction of the molecular integrals. This 
approximation™ states (for the electron repulsion 
terms) that 


(2.3) 


f r atj3pdv=0 


for any atomic orbitals r;4 on one carbon atom and 
any rjs on the other carbon atom. 

The one-center integrals of the Coulomb type are 
obtained semiempirically from the electron affinity 


1 R, Pariser and R. G. Parr, J. Chem. Phys. 21, 466 (1953). 
2 F. Fumi and R. G. Parr, J. Chem. Phys. 21, 1864 (1953). 
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TABLE I. State energies expressed in terms of molecular integrals.* 


I (a) J (o4, o») 








I(m.) JI (x.*,; #0") J (xu, oy) K (x, we) K(x, o>) 


(mytery* | wu") 








—1 —2 
—1 0 


—2 0 
—2 


—2 
—2 





* Definitions of integrals are: 


I(p) =JSp*Heorepdt, 
J (pis bi) =Sps* (1) pi (2) (B/riz) ps (1) p5(2) dt, 
K (pi, pj) = S ps* (1) p;* (2) (@/riz) pi (2) pj (1) dt, 
(pips | Pads) = Ss* (1) ps* (2) (A /riz) 5 (1) pj (2) dt. 


and ionization potential of the atom,” because the 
corresponding computed values* are unrealistically 
high.” In addition the following relations were used 
for one-center repulsion integrals”: 
IX 4X4= Jaya = J2424= J3:+$Ks, 
Jxaya= JX 424= J¥sZa= J3—3Ks, (2.4) 


where J; and K; are Coulomb repulsion and exchange 
atomic integrals given by the following relation (the 
Roothaan notation™.” is preserved) : 


Js= (2p, 2p; S| 2p, 2p; S), 
K3;= (2p, 2p; Di | 2p, 2p; D1). 


The value for the one-center integral Jx4x, is 10.93 
ev and for Jxay, it is 9.68 ev and K; is 0.623 ev.* 
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"TG lo) 
7 a ee 
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Fic. 1. Experimental and calculated energies for the lowest ex- 
cited states in C2. The calculated energies for the 'Z,*(a) state do 
not appear in the diagram because they fall below the bottom of 


“Bo.. 





the figure (at the equilibrium distance the energy is 6.3 ev below 
the ‘II, state). The calculated dissociation energies are given at 
the right side. 


23R. S. Mulliken, J. Chem. Phys. 2, 782 (1934). 

pas G. Parr and B. L. Crawford, J. Chem. Phys. 16, 1049 
(1948). 

% R. Pariser and R. G. Parr, J. Chem. Phys. 21, 767 (1953). 

% G. G. J. Roothaan (Technical report, Laboratory of Molecu- 
lar Structure and Spectra, Department of Physics, University of 
Chicago, Chicago, Illinois, 1955). 

 G. G. J. Roothaan, J. Chem. Phys. 19, 1445 (1951). 

28J. M. Parks (thesis, Carnegie Institute of Technology, 
Pittsburgh, 1956). 


The two-center integrals are tabulated by several 
authors and we have used the Roothaan table” with 
3.25 for effective Z. The core integrals are obtained 
by fitting the *I1,(b) and *2,-(c) states with the 
experimental values. The results are given diagram- 
matically in Fig. 1, where the “II, state is taken as zero 
and the internuclear distances are given in terms of 
p={R=(Z.;/2)R where R is in Bohr radii. The 
experimental values are calculated from the Morse 
potential curves of the form: 


U(r) = D[1—exp(— 26) FP, 


where = (r—r,) /r, with r, the equilibrium internuclear 
distance, and where B=w/4(BD)*. The parameters 
which enter in this equation are obtained from the 
literature given in the first section and are summarized 
in Table II. From Fig. 1 we see that even when semi- 
empirical one-center Coulomb integrals and semi- 
empirical values for the core integrals are used, still 
there is a serious discrepancy between calculated and 
experimental values for the "II, and '2,+(a) states. 
There are no experimental values for the 'A,(c) state 
and the !Z,*+(c) state. 

Another serious discrepancy is at the dissociation 
limits. The expected dissociation products, according 
to the Wigner-Wittmer rules ®*! are *P+*P but the 
wave functions (2.2) give higher values, which corre- 
spond to some combination of atomic and ionic dis- 
sociation products. Let us consider this point in more 


TABLE II. Molecular constants for the electronic states in Co. 








State B (cm) w (cm) D (ev) re (A) 





1.6362 
1.6170 
1.8205 
1.4031 


1641.35 
1608 .33 
1855.63 
1470.57 


1.312 
1.318 
1.242 
1.410 





29G. G. J. Roothaan, Tables of Two-Center Coulomb Integrals 
2 gg of Physics, University of Chicago, Chicago, Illi- 
nois, if 

* E. Wigner and E. E. Wittmer, Z. Physik 51, 859 (1928). 

31 F, Hundt, Z. Physik 63, 722 (1930). 
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detail. A carbon atom in its lowest configuration 
1s(2)2s(2)2p(2) may be in the *P, 'D, or 'S atomic 
state. (The spin-orbital and magnetic splittings are 
unimportant in the present calculation in view of 
the type of Hamiltonian we have used.) 

The energy of these terms may be expressed in terms 
of Coulombic integrals J and exchange integrals K. 
If we neglect the kinetic energy integrals, the nuclear 
potential energy integrals, and the K and J integrals 
involving 1s and 2s orbitals (since they are the same in 
each state), we obtain for the energy of those terms the 
following expressions: 


P: J,—$Kz, 
1): Js+4Ks, 


1S; Ist fKs, (2.5) 


[see Eqs. (2.4) ]. 

If we consider explicitly the 2 electrons in the C2 
molecule, and if we leave the 1s and 2s electrons in the 
core, we expect to have as dissociation energy 2/;— 
10/3K3 (plus core contribution) for the states which 
dissociate as *P+*P. Instead the MO wave functions 
(2.2) give dissociation energy substantially higher than 
those expected. For example, the “II, state dissociates 
with energy 2}/;—23K3, and the "II, dissociates with 
energy 2}/J;—1%K3, that is, about 3.7 ev and 4.3 ev 
above the dissociation limits. 

The ASMO-LCAO wave functions have included 
component wave functions corresponding to several 
covalent and ionic functions. These components are 
weighted in an arbitrary way, whereas one assumes 
that the best weight is that given by the variational 
theorem. The ASMO-LCAO wave functions may be 
expanded in order to show explicitly that the covalent 
and ionic type wave functions have the same coefficient 
for a given internuclear distance (at least in the zero 
overlap approximation). From such wave functions 
we have to expect a dissociation product energy higher 
than the correct one. 

One familiar method for the removal of excessive 
ionic contributions to the wave function is the introduc- 
tion of configuration interaction. But for the C; mole- 
cule the number of interacting states of a given sym- 


metry is so high that very extensive calculations would 
be required if all configurations were to be included up 
to the energy of the important antibonding states. 
Instead we have tried to obtain the adjustment among 
the important covalent and ionic components of the 
bonding wave functions by a simple variational calcu- 
lation described in the next section. 


3. MODIFIED SEMIEMPIRICAL CALCULATION 


In order to keep the computation at a reasonable 
level of complexity, we have used combinations of 
Slater determinants which are obtained by simple 
expansion of the ASMO-LCAO wave functions using 
the Wigner-Wittmer rules as a criterion to select the 
linear combinations. Thus the component wave func- 
tions of the expansion give the expected dissociation 
products, and the individual contributions are calcu- 
lated by the use of the variational theorem. We have 
further simplified the treatment by expanding in a 
complete way only the components which give the 
lowest dissociation products, and grouping the single 
ionic structures and double ionic structures in common 
functions. (The only reason for doing so is to simplify 
the calculation.) This method bears some analogy to 
the valence bond method as far as the use of linear 
combination of wave functions corresponding to 
different covalent and ionic structures is concerned. 
An alternative way would be to start with a linear 
combination of molecular wave functions built up in 
such a way as to lead to all the dissociation products 
acceptable on the basis of Wigner and Wittmer’s rule, 
without making direct reference to the MO wave func- 
tion as we did. 

The expanded state wave function for the configura- 
tions (a), (b), (c) in Eq. (1.1) is given in the following. 
The Slater determinants, which occur in the expansion 
of the state wave functions, are given in Table III. 
A and B refer to atomic orbitals centered on atom A 
and B, respectively, the subscripts +, 0, — indicate 
2p11, 2p, 2p-1 atomic orbitals, respectively, the 
absence and presence of upper bar indicates a and £, 
spin, respectively. 

In the expanded wave functions, the ¢; are the 
Slater determinants which appear in the (a) configura- 
tion, the A; are Slater determinants which appear in 


TABLE III. Slater determinants which occur in the expansion of the state wave functions. 





a= A,B,A_B_ 
o5= A,A,B_A_ 
= A,B,B_A 0 
A= A,B,B_Ao 
Ay= A,B,A_Ay 
An = A,B,A_Ao 
t= A,B_A,By 
t= A,B_ByAy 
to A,B_AoAo 
tu=A,B_AoAo 


¢:= A,A,B_B_ 
¢s= A,B, A_A_ 
A= A,B,A_By 
Ae= A,B,A_Bo 
\o=B,A,A_Ay 
Au=B,A,A_Ao 
&=A,B_BoAo 
t= A,A_BoBo 
tio= ByA_AoAo 
tu=B,A_AoAo 


$= A,B, B_A_ 
¢:=B,A,A_A_ 
s= A,A,B_Bo 
X= A,A,A_By 
Aun = A,A,A_Bo 
As=A,A,A_Ao 
&=A,B_AoBo 
t= A,A_AoBo 
tu=A,A_AoBo 
fu= A,A_AcAo 


“= A,A,A_B_ 
¢s= A,A,A_A_ 


u= A,A,B_Bo 
A3s= A,A,B_Ay 
A= A,A,B_Ao 
As= A,A,A_Ao 


&= A,A_BoBo 
&= A,A_BoAo 
tu=A,A_BoAy 
tie=A,A_Aodo 
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the (b) configuration and the é; are Slater determinants 
which appear in the (c) configuration. In addition the 
determinants ¢;, \;, and £; indicate the corresponding 
determinants ¢;, \; and ; when A and B are inter- 
changed. 


With this convention about notation the state wave 
functions for the configurations (a), (b), and (c) are: 


V (My, 6) = a:/V2Di— 4a ]+a2/V20[ —Ao+ Xe] 
+a3/2[ —AstKs—Aat+Kg]+-44/2DAs—As—Ao+ Ac ] 
+-a5/4[—Ar+AstAo+Aro+A7— Ag— No— Aro An 
+A +Aas tA tA — Ar2— As— Aas] 
+a¢6/2[.A5s— Xs tAre— Xie], 
W (M,, 6) =b)/V2[—Ar +41 ]+-b2/v2[ —A2+Xe ] 
+-bs/2[—As+Xst+Aa— Ka ]+-b4/2[ As — As +Ae— Ke ] 
+bs/4—Ar+Ast+Aot+Aw+A7— As—Xo— AtoAn1 
—ro—Ars— Ara Ar + tot Aas + Aaa 
+be/2Dis—Aus— Ars + Ais J, 
W (12+, @) =c/V2[ditdi]+c2/V2[ 2+ 92] 
+¢3/V2L¢s+¢s] 
+¢4/2V2[b4+-5+66+67+64+65+66+67] 
+c5/V2[bs+¢e], 
V(*2,-, ¢) =d/V2[—-h-8]+a,/v2[-&—&] 
+4;/V8[—t— fs +h +8—&—&+he+ fo] 
+dy/4—&— Est to tb — E—Est+ot bie 
—tu—botbsttu— Eu— Get bs tb] 
+ds/2[ést+fstfiet£ic], 
W(1A,, c) =e/V2[——b: ]+62/2[b— Es — Be +65 ] 
+es//8[—§:— Est tot Eo—Fr— Es thot bo | 
+e./V2[tw+£s], (3.1d) 
W(12,+, c) =fi/V2[—h- J +-f2e/V2Lb+-& ] 
+ha/VBLest ft ict Et bet s— be— Fo] 
+fa/4[—§1— Esto + b0— Er— Est bot bo tin 
+£12— fs— but Et be Gs— Eu] 
+d;/2[éwt+és—te—fie]. (3.1) 


The dissociation products for the above component 
of the expanded wave functions are presented in 
Table IV, with the convention that the first set of 
dissociation products corresponds to the first com- 
ponent of the state in consideration, the second to the 
second, etc. 

The rest of the calculation of the energy of an 
electronic state is carried on in the standard way. The 


(3.1a) 


(3.1b) 


(3.1c) 


E. CLEMENTI AND EK. S. PITZER 


7 + 





Energy (ev) 











SSeS) 
30 34 38 
Internuclear distance (¢) 


Fic. 2. Calculated energies for the lowest excited states of C3 
molecule. 


one-center Coulomb integrals and the two-center 
Coulomb integrals are obtained as in the previous 
section. The one-center core integrals are obtained 
following Goeppert-Mayer and Sklar® or Parr and 
Crawford’ among others. The two-center core integrals 


Be= [2pe*Heon2padt 


Bo= J 2p.*H core2 Poll 


are obtained semiempirically by fitting the *II,(d) 
and the *Z,-(c) states (these integrals appear in the 
secular equation as off-diagonal elements). The solu- 
tion of the secular equation was performed on an 
IBM 701. 

The resulting energies for the electronic states at 
several internuclear distances are given in Table V. 
The coefficients for covalent, single ionic, and double 
ionic components are presented diagrammatically in 
Fig. 3. 

The agreement for the calculated energies for the 
T1,(6) state is satisfactory indeed, when compared 
with Hicks’ data. The three electronic states of con- 
figuration (c) are split by an amount which sub- 
stantially confirms the previous predictions. The !Z,* (a) 


% M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 
1938). 
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TABLE IV. Dissociation products for the component wave functions of the C; electronic states. 





"II, (6) "M1, (0) 1Z,* (a) *Z 5 (c) 'Ze* (c) 1A, (¢) 





sp43p sp43p sp4sp sp4sp 3p4sp sp4sp 
3P+3p 3P+3P 1D+1D 3P+5P 3P+P _ other covalent 
$P+1D 1D+1D 1D+1D other covalent other covalent single ionic 
other covalent other covalent single ionic single ionic single ionic double ionic 
single ionic single ionic double ionic doubleionic double ionic 


double ionic double ionic 





Taste V. Experimental and calculated energies for C; electronic states at different internuclear distances (ev). 
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Fic. 3. Coefficients of 
the covalent, single ionic 
and double ionic structures 
for the lowest states of C; 
molecule, at different inter- 
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is also in satisfactory agreement with Hicks’ data. 
(See, however, reference 12.) 

Some critical comments are needed at this point to 
characterize the values obtained for the energies as well 
as the coefficients of the wave functions. The eigen- 
values and eigenvectors are chiefly dependent on the 
assumptions regarding the core and the effective Z 
for the valence electrons. 

The core integrals are here assumed to be the same 
for covalent and ionic structures. This assumption is 
quite a crude one, because it is clear that the valence 
electrons are correlated to the core electrons in addi- 
tion to the correlation among themselves. Now, this 
correlation is expected to be different in covalent and 
ionic structure. (Such effect was taken into account by 
Parks in its formaldehyde calculation.*) The other 
problem directly related to polarization effects is the 
choice of, the effective charge Z. The value adopted 
in this work is 3.25 for all the components (covalent 
and ionic) of the expanded wave function. Let us 
consider this point in some detail. 

On the one side we know that the method of Moffitt® 
of “atoms in molecules” gives unsatisfactory results, if 
one disregards the difference in effective charges. 
This is clearly exemplified by the atoms in molecules 
calculation for H,, made by Hurley.* The use of 
a common screening constant led to a completely ionic 
structure H+— H™ for the equilibrium nuclear distances, 
with no contribution from covalent structure. This was 
due to a gross overestimate of the interaction between 
ions. It is interesting to note that the energy values 
obtained by Hurley are satisfactory despite the un- 
realistic wave function obtained. While we do not 
think that these errors are as great in the case of Co, 
one should be cautious in interpreting the coefficients 
in the expanded wave functions. On the other side, the 
Wienbaum treatment of the hydrogen molecule® 

33 W. Moffitt, Proc. Roy. Soc. (London) A210, 245 (1951). 


* A. C. Hurley, Proc. Phys. Soc. (London) A68, 149 (1955). 
%S. Wienbaum, J. Chem. Phys. 1, 593 (1933). 
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shows that one obtains the best results when the 
effective charges of both the neutral and ionic structure 
of Hy are set equal to 1.193 instead of 1 for the isolated 
H atom and 0.687 for the H- ion. The advantages of 
the use of common effective charges were recently 
stressed also by Arai* in his method of deformed atoms 
in molecules. Our choice of an effective charge Z of 
3.25, following Slater’s results® is certainly crude. In 
fact, the variational values for the effective charge Z 
for the 2 electrons in the *P, 'D, and 'S atomic states 
are 3.137, 3.072, and 2.974, respectively. On the 
contrary, those effective Z values for the carbon atom 
lose their reliability when two atoms interact in the 
formation of the C, molecule. For this reason, we feel 
that the use of the 3.25 value is about as good as any 
manipulation of the preceding variational effective Z 
values. In addition, the use of empirical parameters 
should take care of the deformation of the atom in the 
molecule without making it necessary to introduce this 
correction explicitly. 

In conclusion, we recognize the need of a more 
refined calculation with differentiation in the effective 
charges and explicit introduction of polarization cor- 
rections. On the other hand, the use of semiempirical 
parameters should take care in substantial degree of 
the crude approximations made. In addition, the present 
existence of experimental uncertainty for the dissocia- 
tion energies and singlet-triplet splitting, make a more 
refined treatment of the C, molecule not very justified 
at this point because the semiempirical parameters 
cannot be evaluated accurately. 
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In the present investigation the authors have determined the electric dipole values for twenty-three 
organic solutes according to Higasi’s method. Except for two substances, viz., iodoform and ethylene di- 
bromide, the dipole values so obtained agree fairly well with those obtained by usual methods. A reassess- 
ment of Higasi’s equation has been made on theoretical grounds and a more general equation has been 


obtained. 





INTRODUCTION 


N a previous publication! the authors have discussed 

the range of validity of Higasi’s equation? for a 
quick determination of electric dipole moment in 
solution. The dipole values were calculated from the 
equation 


u=B(der/dfr)', (1) 


where yu represents the electric dipole moment of the 
solute molecule dissolved in a nonpolar solvent, 8 is a 
constant, and (de»/df,) denotes the initial slope of the 
curve obtained on plotting e, the dielectric values of 
the solution, against f2, the mole fraction of the solute. 
Of the six organic solutes examined, two substances, 
viz., ethylene dichloride and ethylene dibromide, gave 
anomalous results. All these results were rechecked and 
in addition, seventeen other organic solutes dissolved 
in benzene were examined to test the general applica- 
bility of Eq. (1). 


EXPERIMENTAL 


The experimental procedure adopted was exactly the 
same as described earlier? except for the fact that a more 
precise instrument was employed for measuring low 
dielectric values (i.e., below three) in addition to the 
apparatus employed earlier, which was used for higher 
ranges. The working of both the instruments is based 
upon the principle of heterodyne beat method and both 
measure dielectric constant values at a radio frequency 
of 10° cps. The original apparatus used a magic eye 
tube to indicate resonance; in the more sensitive ap- 
paratus a cathode ray tube is used to observe Lissajous 
figures produced by beat frequency and 50 cps main 
frequency. 

Some of these measurements were made at 20°C 
while others at 25°C. The electric dipole values were 
calculated from Eq. (1). The best experimental value 
for B at 20°C is 0.282 X10-* esu. Though the value for 
B is slightly dependent upon temperature in practice 
this difference is found to be negligible for 5° variation 
in ma voi Consequently the same value of 6 was 


“4B. Krishna and K. K. Srivastava, J. Chem. Phys. 27, 835 
oo Bull. Inst. Phys. Chem. Research (Tokyo) 22, 


(9s). 
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employed for both the temperatures. The results 
obtained are recorded in Table I where yg represents 
the value of electric dipole moment calculated ac- 
cording to Eq. (1) while ys is the value taken from 
standard tables* for the solute molecule dissolved in 
benzene. 

In addition to the measurement of dielectric constant 
an accurate determination of density of solutions was 
also carried out. These were required for theoretical 
discussion. A special pycnometer was devised which 
consists of a thin Pyrex bulb (about 20 ml capacity) 
the neck of which consists of two uniform and cali- 
brated capillaries (about 0.5 mm in diameter). Special 
precautions were taken to maintain the temperature 
at a constant value during density measurements. 

An examination of Table I shows that with the 
exception of ethylene dibromide and iodoform the 
values for uz agree fairly well with those for us, more 
so because the values for us reported by different 


TaBLE I. Dipole moment in benzene solution. 





Substance 22X10" esu 2X10" esu 





. Nitrobenzene 

. Chlorobenzene 

. m-Dinitrobenzene 
. 0-Dichlorobenzene 
. Ethyl iodide 

. Methyl iodide 

. Ethyl bromide 

. Methylene iodide 

. Methylene chloride 
. Ethylene dichloride 
. p-Dichlorobenzene 
. Chloroform 

. Iodoform 

. Ethylene dibromide 
. Methyl alcohol 

. Ethyl alcohol 

. n-Propy] alcohol 

. n-Butyl alcohol 

, Amy ee ; 

: coho 

; pty er alcohol 
. n-Laury] alcohol 

. Diacetone alcohol 
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TABLE II. Magnitude of (Z+R). 





(deys/df2) 
*B/t tet2)4) L 


Substance (L+R) 





Ethy] iodide 

Ethyl bromide 
Ethylene dichloride 
Methyl iodide 
Chloroform 
Methylene iodide 
Methylene chloride 
Todoform 

Ethylene dibromide 


0.8097 
0.9421 
0.7768 
0.5633 
0.3400 
0.4040 
0.5949 
0.3733 
0.3730 


+0.0001 
—0.0224 
—0.0402 
+0.0229 
—0.0212 
40.0932 
—0.1166 
40.1810 
+0.4442 





authors’ show quite significant differences in the second 
decimal place. The value for diacetone alcohol was not 
available in the literature. This was determined by us 
according to the method of Halverstadt and Kumler.‘ 

It was reported earlier' that in case of ethylene 
dichloride along with ethylene dibromide the agreement 
between ug and us was not good. From Table I we find, 
however, that in case of ethylene dichloride at least 
the difference between pug and ys is not more than four 
percent. Consequently the suggestion made earlier, viz., 
that Eq. (1) is not applicable to molecules subject to 
restricted rotation, is not valid. 


DISCUSSION 


Higasi’ has given a simple proof for his equation but 
many assumptions are involved which can not be 
justified in each case where Eq. (1) gives correct dipole 
values. The following derivation more clearly brings 
forth the exact nature of the approximations involved. 

For one gram of a solution of a polar solute in a 
nonpolar solvent, the Debye equation can be written in 
the form 


[(¢2—i) /(42+2) J: (1/p2) = (1—we) pitwrpe, (2) 


where py represents the density of the solution, w. 
refers to the weight fraction of the solute, while p; 
and #» are specific dielectric polarizations of solvent and 
solute respectively. Let Y and Z represent the left- and 
right-hand sides of Eq. (2). On differentiating Y with 
respect to w: one obtains for. infinite dilution 


AY /deon= { (dee/deos) -[3/o(ex+2)"7} 
— { (dpre/dwe) -[(4—1)/pi2(a+2) ]}. (3) 


Similarly differentiating Z with respect to w, and noting 
the fact that in case of nonpolar solvent ; represents 
the specific electronic polarization of the solvent while 
pe represenis the sum of electronic and orientation 
polarizations of the solute, one obtains at infinite 
dilution 


dZ / deo = (1/p2) *[(m?—1)/(m?+2) ] 


—{(1/m)-Cla-1)/(a+2) }}+0pr., (4) 


‘I. F. Halverstadt and W. O. Kumler, J. Am. Chem. Soc. 64, 
2988 (1942). 
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where m, represents the refractive index of the solute 
extrapolated to infinite wave length. Here Of», repre- 
sents the specific electronic polarization of the solute 
at infinite dilution. By comparing Eqs. (3) and (4) 
and changing over to mole fraction instead of weight 
fraction, we obtain 


{ (der2/dfz) -(3/p1(e+2)*]} 
— { (dpw/dfz) - (1/2?) -[(a—1)/(a+2) J} 


_Ma{[(m’—-1) 1] [(a-1) 1 
arabe las [+m ©) 


where M; and M, represent the molecular weights of 
solute and solvent, respectively. Pere 0», is defined by 


(6) 


where & is the Boltzmann constant and WN is the Avo- 
gadro number. From Egs. (5) and (6) we obtain 


4 
_[9RTMi[dew 3] 
»-[ 4a {| th nl ci+R)}], ”) 


where L and R are given by 
L= (dpw/dfz) -((a—1)/pr*(a+2) ], 


4 *\-( | 
Mil\\(m?+2) pot \(at+2) pl} 

If L and R are individually equal to zero or if their 
magnitudes are equal and opposite in sign, the quantity 


(L+R) will be equal to zero. In such cases Eq. (7) 
reduces to Eq. (1) where 6 will be given by 


Ope. =4rNy?/9k TM2, 


(8) 


and 


(9) 


B=[1/2(44+-2) J: (27kTMi/xNpy)'. (10) 
The values of L and R will be separately equal to zero if 
the magnitude of (de»/df.) is large as compared to 
that of (dp/dfz) and if the electronic polarization of 
the solute is approximately equal to that of the solvent.” 
Where these approximations are not valid, the value 
of L is approximately equal to that of R and opposite 
in sign (see Table II) so that the sum (L+R) ap- 
proximates to zero. 

A perusal of Table II shows that, with the exception 
of iodoform and ethylene dibromide the quantity 
L+R) is negligible as compared to 


(dew/dfe)[3/pr(e+-2)*]. 


This fortuitous circumstance greatly enhances the 
generality of Eq. (1). 

The authors are indebted to the Government of 
Uttar Pradesh for financing this project. 
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The dielectric losses of benzophenone, diphenylether, diphenylamine, chlorobenzene, and aniline, meas- 
ured at 12.33, 6.19, 3.08, and 2.47 mm wavelength in dilute benzene solutions, have been found to fit Debye 
type relaxation curves within the limits of experimental error. The distinctly lower relaxation time of di- 
phenylether and of diphenylamine, compared to the one for benzophenone, can be explained by a high in- 
ternal mobility of the phenyl] rings in these two molecules. Similarly, the mobility of the amino group in 
aniline results in a decrease of the relaxation time, compared to the rigid chlorobenzene molecule. 





INTRODUCTION 


HE occurence of internal mobilities in a dipolar 

molecule may result in a dielectric relaxation time 
which is considerably shorter than the one for a rigid 
molecule of comparable molecular dimensions. A strik- 
ing example of this effect is the unusually short relaxa- 
tion time of diphenylether and of diphenylamine, 
first reported by Fischer.'*? To obtain the relaxation 
curves of these molecules, it was necessary to extend 
dielectric loss measurements into the shorter millimeter 
wave region. 


APPARATUS 


Since absolute absorption measurements become in- 
creasingly difficult in the shorter mm region, mainly 
due to the small size of the waveguide components, we 
have performed only relative measurements of the di- 
electric loss ¢’’ and calibrated the data by means of 
standard substances. Benzophenone and chlorobenzene 
are suitable for this procedure. 


A. Reflection Method 


At wavelengths of 12 and 6 mm, dielectric losses were 
measured by means of a reflection method. A schematic 
diagram of the apparatus is given in Fig. 1. Microwave 
power was generated by a 2K33 K-band klystron and 
fed into a frequency multiplier M. After passing a 
crystal detector D and a tapered transition section T, 
the wave entered the absorption cell C, a vertical sec- 
tion of K-band waveguide shorted at the bottom by a 
metal plate. The height of the liquid in the cell could be 
changed with an accuracy of at least 1/1000 mm by 
immersing a micrometer plunger P into a second vessel, 
V, connected to the cell. The micrometer vessel and the 
cell were surrounded by a thermostat jacket, which 
kept the temperature constant within 1/10°C. The de- 


* This research was supported by the United States Air Force 
through the Air Force Office of Scientific Research of the Air 
Research and Development Command. Reproduction in whole 


or in part is permitted for any purpose of the United States 
Government. 


t Present address: Institut fiir Elektrowerkstoffe, Freiburg-Br., 
Hebelstr. 38, Germany. 

1 E. Fischer, Z. Naturforsch. 4a, 707 (1949). 

2 E. Fischer, Naturwissenschaften 43, 153 (1956). 


tector signal, modulated by applying a 200 cps audio 
voltage to the klystron reflector, was fed into a sensi- 
tive amplifier (gain 100000) and measured with a 
vacuum tube voltmeter. 

As the height of the liquid in the cell is changed, the 
detector voltage passes through maxima and sharp 
minima, similar to a standing wave pattern. When a 
dipolar substance is added to the nonpolar solvent, 
both the real and the imaginary part of the dielectric 
constant of the liquid are increased, and this results in a 
shift and in a broadening of the nodes in the standing 
wave pattern. For sufficiently low losses, the position of 
the node is only dependent on the real part, and its 
width only on the imaginary part of the dielectric con- 
stant. Thus, the complex dielectric constant can be 
determined by measuring the width and position of a 
node, as a function of the height of the liquid. Com- 
pared with the usual method, in which the height of the 
dielectric material is kept constant and the detector 
is moved along the waveguide to measure the shape of 
the standing wave, the above method has the advantage 
of great simplicity, since no complicated driving device 
for the detector probe is required.’ To obtain a quantity 
proportional to the loss of the dipole substance, the 
node width obtained for the pure solvent was subtracted 
from that for the solution, and this difference was found 
to vary linearly with the concentration. In this work, 
only the imaginary part e” of the dielectric constant has 
been measured. 

Microwave power for measurements at 6-mm wave- 
length was produced by a crossed multiplier, containing 
a slotted 1N26 crystal. A crystal of this type was also 
used for detection. At 12-mm wavelength the funda- 
mental power of the klystron was used. 


B. Transmission Method 


At higher frequencies, where the microwave power 
available is comparatively small and unstable, the 
reflection method becomes inaccurate. Therefore, a 
transmission method was used to measure the dielectric 
loss at 3 and 2.5 mm wavelength. The absorption cell 
was a piece of K-band waveguide, closed at its ends by 


3 J. Schneider, Diplomarbeit, Freiburg-Br. (unpublished, 1955). 
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Fic. 1. Schematic 
diagram of the re- 
flection arrange- 


two Teflon windows, and was located between a multi- 
plier and a detector, of the type described by King 
and Gordy.‘ Two cells of length 181 and 55 mm were 
used for measurements at 3 and 2.5 mm wavelength, 
respectively. The attenuation, in db, of the microwave 
was found to vary linearly with the concentration of 
the solutions. 

The measurements at 3 mm wavelength were carried 
out with a detector which responded to the fourth and 
all higher harmonics of the klystron. To eliminate these 
higher harmonics, whose intensity was not negligibly 
small, a 120-cm long absorption cell filled with OCS 
gas was introduced between the multiplier and the liquid 
cell. The 0—1 rotational transition of this linear mole- 
cule has a frequency of 12.163 kMc/sec. Owing to 
centrifugal distortion effects, the higher rotational tran- 
sitions do not occur at exactly integral multiples of the 
fundamental frequency.® Therefore, when the detector 
output was displayed on an oscilloscope, a whole spec- 
trum of absorption lines appeared, each one representing 
the intensity of a particular harmonic, generated by 
the multiplier. For instance, the fourth harmonic of 
the 2K33 klystron at 97 kMc/sec was represented by the 
7—8 transition of the OCS molecule. By proper adjust- 
ment of the detector and multiplier tuning plungers, it 


TABLE I. Dielectric loss relative to benzophenone. 





12.33 
24.32 


Wavelength (mm) 
Frequency (kMc/sec) 


6.19 
48.46 


3.08 
97.30 


2.47 
121.65 





1.000 
0.173 
0.117 
0.426 
0.302 


benzophenone* 
diphenylether 
diphenylamine® 
chlorobenzene 
aniline® 


1.000 
0.348 
0.174 
0.483 
0.473 


1.000 
0.473 
0.196 
0.545 
0.573 


1.000 
0.510 
0.221 
0.575 
0.642 





® Melting point 48°C. 
b Melting point 28°C. 
© Melting point 53°C. 
4 Boiling point 132.5°C. 
® Boiling point 182°C. 


TaBLe II. Dielectric relaxation times 7, increments a9—a. and 
dipole moments u at 25°C. 
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(Debye) 


T 
(10-" sec) @0— deo 
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benzophenone 

diphenylether 

diphenylamine 
chlorobenzene 
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NOwN NHWOFH DY 
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benzophenone> 
chlorobenzene> 
diphenylethere 
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meh moms 
wee shees 





* Calculated from Eq. (3). 
> Values obtained by Bergmann, see reference 7. 
© Values obtained by Maier, see reference 8. 


was possible to cancel out almost completely all har- 
monics above the fourth. In a similar way, the measure- 
ments at 2.5 mm wavelength were carried out with a 
fifth harmonic detector. 

For rough absorption measurements, it is also pos- 
sible to take the intensity decrease of the rotational 
lines as a direct measure of the attenuation of the 
harmonics in an absorbing medium, located between 
the gas cell and the detector. By this method, absorp- 
tion measurements at many frequencies can be carried 
out simultaneously. 


RESULTS 


Benzophenone,  diphenylether, diphenylamine, 
chlorobenzene, and aniline have been measured in 
dilute benzene solutions at 12.33 and 6.19 mm by the 
reflection method and at 3.08 and 2.47 mm by the 
transmission method. The temperature was 25+0.1°C. 
The molar fraction m of the solutions ranged from 
about 0.001 to 0.01. The dielectric losses of these 
substances, represented by quantities proportional to 
é’’/m, are listed in Table I. The values for benzophenone 
have been taken equal to unity for all wavelengths, 
since this molecule has been used to calibrate the di- 
electric losses of the other substances on an absolute 
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Fic. 2. Dielectric losses, in normalized units, of benzophenone 
(a), diphenylamine (b), and diphenylether (c) measured in dilute 
benzene solutions at 25°C. The solid lines are Debye curves, 
calculated from the values given in Table II. 


4 W. C. King and W. Gordy, Phys. Rev. 93, 407 (1954). 
5 Gordy, Smith, and Trambarulo, Microwave Spectroscopy 
(John Wiley & Sons, Inc., New York, 1953), p. 93. 
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scale. The experimental error is about 1 to 2% for the 
measurements at 12.33 and 6.19 mm and 2 to 4% for 
those at 3.08 and 2.47 mm. 


DISCUSSION 


The dielectric loss of a Debye-type relaxation pro- 
cess, characterized by a single relaxation time 1, is 
represented by the formula 


é’ = m(do— 4.) [wr/(1+-w*r*) ] (1) 


where m is the molar fraction of the solution and w 
‘the circular frequency of the electric field. The quantity 
md, is the static dielectric constant and ma,, that at 
very high frequencies, usually the far infrared, where 
only the electronic and the atomic polarizability 
contribute to the total polarization. Rigid molecules 
whose structure deviates not too much from a spherical 
shape, are usually found to be in fair agreement with 
Eq. (1). Therefore, it can be expected that this is also 
true for the two calibration substances measured in 
this work, benzophenone and chlorobenzene. 

The conversion of the relative values of the dielectric 
loss, as given by Table I, to absolute units was done in 
the following way: Assuming benzophenone and chloro- 
benzene to be in agreement with Eq. (1), a value for 
the relaxation time + was chosen for benzophenone, 
so that the dielectric loss of chlorobenzene, now cali- 
brated by that of benzophenone, also gave a good fit 
to a Debye curve. In this way, the values 1.85xX10-" 
sec and 0.91 X 10-" sec were obtained for the relaxation 
times of benzophenone and chlorobenzene, respectively. 
In general, this method is only applicable, if the re- 
laxation times of the two calibration substances differ 
sufficiently, as in the above case. 

The dielectric increment a—a,, is related to yu, the 
dipole moment in solution, by 


@o— On= (44 /27kT)(L/M)p(e+2)*u*, — (2) 


where k is Boltzmann’s constant, T the absolute tem- 
perature, L Avogadro’s number, and p, ¢, M are, re- 
spectively, the density, dielectric constant, and molecu- 
lar weight of the solvent. For benzene solutions at 25°C, 
this equation becomes 


do— 4, 1.469p?, (3) 
where yw is measured in debyes. The dipole moment of 
benzophenone is 2.95 debye,® this gives ao—a,,= 12.9. 
The dielectric losses of diphenylether, diphenylamine, 
and aniline, now calibrated by that of benzophenone, 
were found to be also in fair agreement with the assump- 
tion of a single relaxation time, see Table IT. 

The dispersion of the dielectric losses of these sub- 
stances, in normalized units wr/1+w*r? is shown in 
Figs. 2 and 3 as a function of the logarithm of the fre- 


*L. G. Wesson, Tables of Electric Dipole Moments (Technology 
Press, Cambridge, Massachusetts, 1948). 
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Fic. 3. Dielectric losses, in normalized units, of chlorobenzene 
(a) and aniline (b) measured in dilute benzene solutions at 25°C. 
The oom - ae are Debye curves, calculated from the values given 
in Table IT. 


quency f. The values for uw and 7 are in fair agreement 
with those obtained by Bergmann’ from ¢’ and ¢” 
measurements at 1, 3, and 14 cm wavelength and at 
22°C. Measurements of the dielectric relaxation of 
diphenylether in dilute benzene solutions and at cm 
wavelengths have been recently reported by Maier.® 
His data also confirm the assumption of a single relaxa- 
tion time, which is in rough agreement with the value 
given in Table II. However, his value for the dipole 
moment differs considerably from the one obtained in 
this work. 

To explain the unusually short relaxation time of 
diphenylether, Maier® has proposed the following 
explanation: The whole dipole moment of this molecule 
can be reversed in direction by an internal motion 
around the molecular axis of greatest length. During 
this motion, the orientation of the two phenyl rings 
changes by considerably less than 180°, so that the 
orientation of the dipole moment will be associated with 
a relaxation time much shorter than that for a rigid 
molecule of comparable molecular dimensions. The same 
effect may be expected to occur in diphenylamine. In 
contrast, the longer relaxation time of benzophenone 
indicates a strong ridigity of the phenyl rings, prob- 
ably due to conjugation between the rings and the CO 
double bond. 

An internal mobility of the amino group in aniline is 
revealed by the distinctly shorter relaxation time, 
compared to chlorobenzene, a rigid molecule of similar 
dimensions. The same effect has been reported by Maier® 
for anisole, due to the mobility of the methoxy group. 
The dipole moment of aniline, 1.30 debye, as deter- 
mined in this work, is considerably lower than that 
reported in the literature,® 1.52 debye. The latter was 
obtained from a static measurement of a» in benzene 
solution, with the assumption that the atomic polariza- 
bility does not exceed the electronic polarizability by 
much more than 10%. If, however, the atomic polariza- 
bility were unusually large, the dipole moment obtained 
by this method would be too high. A large atomic polar- 


7K. Bergmann, Dissertation, Freiburg-Br. (unpublished, 1957). 
8 W. Maier, Arch. Sci. (Geneva) 12, 20 (1959). 
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izability could possibly be explained by the existence of 
a low frequency vibration of the amino group. For 
a- and §-aminonapthalene, Bergmann’ has found 
atomic polarizabilities of 20%. However, since a has 
not been measured in this work, further conclusions 
cannot be drawn. 


JURGEN SCHNEIDER 
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Fet + + and Fe* * ions in glass have been studied by means of paramagnetic resonance. The correlation 
of the Fe+ + + concentration with an intense resonance at g=4.27 shows the resonance is due to Fet + +. A 
theory is proposed explaining the observed g value and the implications for the atomic surroundings of 
Fe* * + are discussed. It is also proposed that the g=6 resonance observed in glass by Sands is due to Fe* * +. 





I. INTRODUCTION 


HE striking success of electron spin resonance in 
determining the structure of numerous paramag- 
netic centers leads one to wonder whether it could not 
be applied to the study of the structure of glasses. A 


pioneering resonance study of glasses has been re- 
ported by Sands.' In the course of his work, he dis- 
covered resonances of unknown origin. They could be 
characterized by giving their apparent g values, the g 
value being defined by 
gBH = hv, (1) 
where £ is the Bohr magneton, h is Planck’s constant, 
and H is the static magnitic field for resonance in an 
applied alternating field of frequency v. For a free 
electron spin, g=2. With ions such as copper, surround- 
ing atoms “quench” the orbital angular momentum, 
giving one in a first approximation a free spin, but the 
spin-orbit coupling induces sufficient orbital moment to 
increase g by 10 to 20% above the spin-only value 2. 
Sands’ ‘‘unknown” resonances had g=4.2 and g=6. 
In cooperation with Dr. Scott Anderson of the 
Anderson Physical Laboratory who was interested in 
checking an optical method for determining the iron 
content of glasses, we have studied five samples of 
plate glasses containing differing amounts of Fe+* and 


* This research was supported in part by a grant from the 
Alfred P. Sloan Foundation. 

+ Now at the General Electric Research Laboratory, Schenec- 
tady, New York. 

t Now at the Department of Physics, Purdue University, 
Lafayette, Indiana. 

§ Alfred P. Sloan Fellow. 

1R. H. Sands, Phys. Rev. 99, 1222(1955). 


Fet+ ++ ions, all other paramagnetic ingredients being 
present in much smaller amounts. In this paper we 
report our results. The ultimate objective of such a 
study would be to determine the detailed atomic sur- 
roundings of iron in both states of ionization. For ex- 
ample, is Fet*++* a so-called network former (i.e., 
does it occupy sites similar to a silicon) or is it a net- 
work modifier, like sodium? In practice one hopes to 
determine the parameters of what is called the spin 
Hamiltonian which describes the coupling of the spin to 
its surroundings, i.e., the extent to which the spin is 
not free. Although one can determine the spin Hamil- 
tonian uniquely from knowledge of the atomic sur- 
roundings, the converse is not true. But from the spin 
Hamiltonian one can learn a great deal about the 
symmetry of the surroundings and can often test 
possible atomic models. 

In Sec. II we describe our experimental results 
(which lead to the conclusion that the g=4.2 resonance 
comes from Fe++*+ ions). In Sec. III we propose a 
spin Hamiltonian which gives*the observed g value, 
and comment on the implications concerning the 
atomic surroundings. We also propose an explanation of 
the g=6 line, which we believe also results from Fet + +. 
It is apparent that much work needs to be done in- 
volving studies of a variety of glasses, and it is our hope 
that this paper will stimulate such work. 


II. EXPERIMENTAL RESULTS 


The resonance studies were on five different samples. 
Their basic composition was identical (by weight 71% 
SiO., 13% Na,O, 12% CaO, 4% other) but they 
differed in the relative concentrations of Fet+ and 
Fet+ ++, The total iron was in all samples about 0.1% 
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by weight (in terms of Fe,0;). Runs were made at 
room temperature using an X-band “double bolometer” 
spectrometer. One sample was run at various tempera- 
tures in the liquid nitrogen-liquid helium range using 
an X-band superheterodyne spectrometer. 

The Fe+* ion has an integral spin. In ordinary 
paramagnetic salts its resonance is not seen at room 
temperature, and sometimes not even in the liquid 
helium region. (The reasons are that the crystalline 
electric fields may split the spin states by too large an 
amount to be observed, or that the spin-lattice relaxa- 
tion may be so short that the resonance becomes broad 
and correspondingly weak.) As with the salts? we did 
not anticipate a resonance from Fet + at room tempera- 
ture. 

Since Fet ++ has zero orbital angular momentum 
in the free atom, we expected a line at the free-spin 
value g=2, with perhaps some crystalline splittings 
observable (perhaps as a broadening of the line) as is 
usually observed in paramagnetic salts containing 
Fet++3 

Instead we found a broad smear extending from 
g=10 at low fields to above g=1 at high fields, with an 
intense and sharp resonance (60 gauss between peaks 
of the derivatives) at g=4.27. Except for intensity, the 
sharp resonance was identical in all five glass samples. 

The intensities of the resonances were measured by 
comparing the amplitude of the derivative signals 
since the resonances were otherwise identical. An 
absolute intensity measurement was also made by 
integrating a derivative curve twice and comparing 
with a resonance of copper sulfate. 

In Table I we list the relative intensity of the gz=4.27 
resonance (normalized to equal sample size) together 
with the relative concentration of Fet+ and Fe* + +t. 
The correlation of the resonance intensity with the 
Fet + + concentration indicates that 

(1) The resonance arises from Fe+ + +; (2) although 
Fet + + might occupy several types of sites only some 
of which would contribute to a resonance at g=4.27, 
the fraction of Fe+ + + in the sample contributing to the 
resonance is identical in all five samples (we shall 
discuss this point further in Sec. IIT) ; 

(3) as far as the resonance can detect, the Fet ++ 
has the same sort of surroundings in all five samples. 

If points 2 and 3 were not substantially true, we 
would not observe the excellent correlation of intensity 
with Fe+ ++ concentration even though the resonance 
were due to Fet + + ions. 

We therefore conclude that the glass resonance at 
g=4.2 is due to Fe+ ++ ions. As we shall discuss in 
Sec. ITI, we believe that g=6 resonance is also due to 
Fet ++ ions, the surroundings of which differ from 
those of the Fe+ + + in our samples. 


* See, for example, D. J. E. Ingram, Spectroscopy at Radio and 
Microwave Frequencies Tiananes Scientific Publications, 
London, 1955), p. 169. 


IN GLASS 


TABLE I. 





Resonance 
intensity 
(normalized 
a — A) 
(g=4.27 line) 


Fet+ (chemical Fet++ (chemical 
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Sample A) Sample A) 


Glass 
sample 








Ill. THEORETICAL 


The results of Sec. II appear to be rather clearly 
established on the basis of the intensity correlations, 
independently of any postulate as to the cause of a 
g=4.27 resonance. In Sec. III we shall make some 
theoretical speculations. We are at least able to propose 
theoretical models giving rise to the observed g values, 
and suggesting possible local atomic surroundings of 
the iron. 

There are two reasons® that a g value may differ 
from the free-spin value of 2: (a) The orbital motion 
may contribute to the total magnetic moment. In 
free atoms, it is the vector combination of orbital and 
spin which gives rise to the famous Landé g factor. 
In solids, the orbital moment is often nearly 
“quenched.’* That is, the average orbital moment is 
zero. It does not therefore couple effectively to the 
external magnetic field, and we get an apparent spin- 
only coupling. A residual unquenching (via spin- 
orbit coupling) may cause g to deviate from 2. (b) 
Even in the absence of a static magnetic field, the 
spin may prefer to align itself parallel to certain 
crystal directions. Such an effect may arise from spin- 
orbit effects, or from the dipole-dipole coupling between 
spins of the paramagnetic ion if the electron cloud of 
the ion is not spherically symmetric (just as a pair of 
magnets like to line up along the line between their 
centers). If the spins prefer some crystalline direction, 
they no longer precess freely in a static field, and there 
results an apparent g value different from 2. 

We believe it is effect (b) which accounts for the 
g values in glass. 

The complete explanation of a resonance would be 
given in principle by solving a Hamiltonian which 
included the paramagnetic ion and its couplings 
to its neighbors. Such a precedure is very complicated. 
It is therefore customary to start by a phenomeno- 
logical description in terms of the so-called spin Hamil- 
tonian.® 

The spin Hamiltonian contains the magnetic inter- 
action with the static field and terms describing the 

*For a particularly clearly written discussion of the funda- 
mentals of paramagnetic resonance, see B. Bleaney and K. W. H. 
Stevens, Repts, Progr. Phys. 16, 108 (1953). 

‘j. H. Van Vleck, Theory of Electric and Magnetic Suscepti- 
bilities (Clarendon Press, Ostord, 1935), pp. 273 and 287-297. 
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preference of the spin to line up along particular 
crystalline directions. The latter terms are customarily 
expressed phenomenologically in a power series in the 
spin coordinates. We shall consider the most general 
Hamiltonian* which does not involve powers higher 
than the second: 

KH= gBH S,+DS?7+ E(S2—S,), (2) 
where D and E are constants, S,, S,, S,are components 
of spin along three mutually perpendicular crystalline 
axes x, y, and z (chosen so that no terms such as S,S, 
occur in 3C), 2’ is the axis of the static field H, and go 
is the g value we would observe if D and E were zero. 
Here go would be the free spin value of 2, except for the 
effects (a) in the foregoing. (Strictly speaking, when 
go%* 2, it is a second rank tensor.) Effects of type (b) 
give rise to the terms D and E. We note as usual that 
there are no terms linear in S,, S,, or S, other than the 
first term, expressing the fact that the crystalline 
electric fields cannot produce a preferred sense of 
magnetization, such as “up,” but rather only a direc- 
tion “up” or “down” of equal preference. We neglect 
higher terms in the spin although such terms are no 
doubt present to some extent. 

For Fe+ ++, the orbital angular momentum of the 
free ion is zero, so that we may take go=2. The total 
spin is 5/2. 

The first point we note is that if the crystalline terms 
(i.e., D and E) are small, we may treat them by per- 
turbation theory. The six levels produced by the 
magnetic field (of energy 28mH, m=5/2, 3/2, etc.) are 
then shifted, but it is easy to prove that the frequency 
of the m= —1/2 and m—+1/2 transition is not shifted 
in first order. (This remark is not restricted to the 
particular form of crystalline terms we assume. An 
analogous theorem is well known in nuclear resonance: 
an electric quadrupole coupling does not change the 
m=}, m=—4 splitting in first order.) Consequently 
this transition is unperturbed and we will see a g=2 
line if the crystal fields are weak. The absence of a g=2 
resonance proves that the crystal electric field terms are not 
weak. If the crystal field terms are comparable to the 
magnetic term, we can make no simple prediction other 
than that in a glass the variety of orientations of 
“crystal” axes with respect to H will lead to a very 
messy situation with no well-defined frequencies. Part 
of the intensity of our observed broad background 
resonance may originate in just such a way. It is highly 
unlikely that the sharp g=4.27 resonance could result 
from such a case. 

We therefore seek to solve Eq. (2) on the assump- 
tion that the crystalline effects dominate with 22H« 
D or 28H<&E. We may therefore solve Eq. (2) with 
H=0, and then treat H by perturbation theory. We 
shall first illustrate with an example, then. describe the 
more general case. 

Suppose E=0. Then the Hamiltonian is 


= 28H S,'+DS}. (3) 
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Taking H=0, we quantize the spins along the z axis, 
getting for the energy, W, in zero field 
W=Drm’, 


m= +3, +3, +}. (4) 


We note that since the plus and minus m values are 
degenerate, we have three groups of states, each 
doubly degenerate. 

Application of a magnetic field parallel to the z axis® 
gives one a simple problem since the quantization 
according to the crystal g axis is still correct, and we get 


W =28Hm+ Dn’. (5) 


Each of the degenerate m states now is split, the split- 
ting being proportional to H. If D is sufficiently large, 
the oscillator of the resonance apparatus will not have 
a high enough frequency to induce transitions between 
states of different crystalline field energy, i.e., different 
values of | m|. Moreover, all transitions except that 
between m= —4 and m=} are forbidden by the selec- 
tion rule of Am=-+1 for the alternating magnetic field 
perpendicular to H. The frequency of this transition 
would fit Eq. (1) with g=2. 

If the magnetic field is perpendicular to the z axis, 
there is no first order splitting of the +$ or +3 states, 
but the +3 states are split according to Eq. (1) with 
g=6. This fact is easy to show by solving the two-by- 
two Hamiltonian matrix of the m=4, m= —}3 levels. 
(One might suppose that there would be zero splitting 
since the diagonal matrix elements for both the m= +4 
and the m=—}4 states vanish. But there is an off- 
diagonal matrix element between them which must be 
included since they are degenerate.) 

In a powder, one gets all orientations of magnetic 
field, hence resonances extending from the lowest 
field, which occurs at g=6, to the highest field at g=2. 
Since there is a strong possibility of H being perpen- 
dicular to the z axis, the resonance peaks at g=6. 

Such an effect has been observed for Fe+*++* in 
hemoglobin by Bennett, Gibson, and Ingram‘ and has 
been explained by Griffith.’ For hemoglobin they 
believe the constant D is about 10 cm~. When they 
first observed the resonance in a paste, they saw only 
the peak at g=6. Griffith proposed the explanation 
and subsequent studies using single crystals showed the 
full dependence of g on orientation. 

In general, if one has a spin, S, other than § and the 
Hamiltonian of Eq. (3), it is easy to show the +4 
level will have a g value lying between 2 for 2’ parallel 
to z and 2S+1 for z’ perpendicular to z. We feel there is 
little doubt that the g=6 resonance reported by Sands 


* Of course in a substance such as a glass the crystalline axes of 
a par netic ion are randomly oriented with respect to an 
applied field. We may consider what happens for each orienta- 
tion of H relative to the crystal axes, and then average the results 
over their relative orientation. 

* Bennett, Gibson, and Ingram, Proc. Roy. Soc. (London) 
A240, 67 (1957). 

7J. S. Griffith, Proc. Roy. Soc. (London) A235, 23 (1956). 
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comes from an S=¥ ion, presumably Fet + +, with the 
Hamiltonian of Eq. (3). 

Suppose we go back now to the general case in which 
both the D and E terms are present. 

With H=0, the six spin states will be grouped into 
three degenerate pairs. Application of the magnetic 
field will cause a removal of the degeneracy, the 
splitting of each degenerate pair being proportional to 
H since the splitting occurs in first-order perturbation. 
Moreover, the splitting produced by any given field 
will depend on the orientation of the magnetic field 
with respect to the crystalline axes, as we saw in the 
foregoing. Each degenerate pair will then be described 
by a splitting which will vary with the orientation of the 
z’ (magnetic field) axis. If the spacing between the 
three pairs of states is large in zero magnetic field, the 
oscillator frequency will not be high enough to induce 
transitions between them. It will, however, be able to 
produce transitions between states which are degenerate 
in zero magnetic field (providing such transitions are 
not forbidden by a selection rule) by applying the 
proper value of H. Each degenerate pair will be split 
an amount in energy AW given by 


AW = 6H, 


where the value of g will depend on the orientation of 
the field with the crystalline axes. There will be a g 
tensor with the x, y, and z axes as principal axes. 
But there will mot be any favored g value as was 6 in the 
foregoing example, and only a moderately uniform 
smear will result. 

If, however, we have only the terms S?— 5S, (i.e., 
D=0) another simple case results. The analysis is 
given in Appendix A. (In Appendix B we analyze the 
effect of a small additional S,? term.) The levels are 
once again split into three degenerate pairs in zero 
magnetic field with energies W=0, +2(7)!E. The 
magnetic field splits the pairs. 

The splitting of the W=O pair is characterized by 

=30/7=4.286 independent of the orientation of the 
field with respect to the crystalline axes. This is to be 
compared with the experimental value of 4.266+.002. 
The agreement is so striking that we feel it must be 
taken seriously. [Actually there is some ambiguity in 
the g value. The value 4.266+.002 corresponds to the 


point of zero derivative. Since there appears to be a 


broad background resonance, we do not know exactly 
where the peak of the g=4.2 line occurs. The points 
of maximum and minimum derivatives are g=4.38 
and g=4.20 (see Fig. 1).] Moreover, an isotropic g 
value is just what is needed to explain the sharpness 
and approximate symmetry of the resonance (the g=6 
resonance is, on the other hand, lopsided). 

The upper and lower pairs have strongly anisotropic 
g values. The three principal values are 9.678, 0.857, 
0.607. 

Figure 1 reproduces a derivative spectrum obtained 
at 300°K. In addition to the g=4.27 resonance there is 
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HeI517 gauss 








9*2.04 


H=3256gouss 9°2-02 


H= 3294 gauss 








9*4.20 
H=1580 gouss 


Fic. 1. Field sweep of the derivative of the absorption for glass 
sample. The vertical axis is “9 derivative of a absorption. The 
horizontal axis is generated by sweeping the magnet in time. 
Within 15% it is linear in field. Various points on the spectrum 
are labelled either in terms of their g value or the magnetic field 
they represent. (Field values were calibrated using a proton 
magnetic resonance. ) 


a broad background starting at low field near g>10 
and gradually decreasing to zero at fields corresponding 
to g=} to 1. It is interesting to note that this rather 
abrupt onset at the low-field end is centered on g=9.7. 

In an attempt to verify further the model and to 
determine roughly the magnitude of E, we studied 
the intensity of the resonance as a function of tempera- 
ture at 77, 2, and 1.3°K. The features of the room 
temperature spectrum are preserved except for an 
increase in the asymmetry of the g=4.27 line and a 
distinct decrease (~3:1) in its intensity relative to the 
g=9.7 shoulder and to an internal CuSO,-5H,O 
standard. Defining a temperature 6 by AW =2(7)!E= 
kO, our results are consistent with @=2.6°K, and in 
any case require 9 to be in the range 1°K<9<3°K. 

Since hv/k is about 0.5°K, it is clear that we are on 
the borderline in treating the magnetic interaction as a 
perturbation. The approximations fail badly for 
analyzing the high field features of the spectrum. Since 
a substantially larger value of W would lead to an 
exponential decrease of intensity with inverse tempera- 
ture, we may conclude that E is very much smaller 
than is D for hemoglobin. 

Taking our explanation of the g=4.27 resonance to 
be correct (i.e., that the spins experience a coupling 
S52— S,? due to neighboring atoms) we might ask for 
the implications concerning the local atomic sur- 
roundings of the iron. 

First we should mention that the existence of the 
results on hemoglobin proves that it is possible to get 
large terms D or E with Fe+ ++ ions. Although E=0 
for hemoglobin, that is simply because of the sym- 
metry of the surroundings. A different arrangement of 
nearby charges would make D=0, E¥0. Probably the 
neighbors which are responsible for the splittings are 
not as close in the glass as in hemoglobin, as evidenced 
by the smaller crystalline splitting in the glass. One 
guess at the physical mechanism of the splitting is that 
the electric fields of neighbors distort the orbit of the 
3d electrons from their over-all spherical symmetry, 
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and the spin-spin magnetic coupling then leads to a 
preferred spin alignment. 

In view of the importance of tetrahedra in glass, we 
shall remark on the arrangements of, atoms on the 
corners of a tetrahedron which could give the desired 
interaction. If the Fet++ were at the center of a 
tetrahedron, and all four corners contained egual 
charges, D= E=0. A single charge on one corner (or a 
single corner without a charge) leads to D¥0, E=0, the 
S? or g=6 case. Equal charges on two corners (or any 
charge distribution obtained by superposing 4 charges 
equal to each other but not necessarily equal to the 
first two) give the S?— S,? or g=4.28 case.® 

For example, if Fe++* is surrounded tetrahedrally 
by oxygen ions (as in a network forming position) the 
oxygen atoms would not contribute to either D or E. 
A single extra positive ion would give the S? or g=6 
case. Perhaps the g=6 glasses are ones in which the 
iron is in a network forming site with a single extra 
positive charge in the immediate neighborhood. (The 
effect of the neighboring charges is found by expanding 
their electrostatic potential V in the vicinity of the 
Fet ++ ion. The effect of the potential is then found 
by means of perturbation theory. The dominant terms 
in giving D or E are probably from the second-order 
spherical harmonics of V. Since these fall off with the 
cube of the distance of the charge from the iron, we 
expect we may neglect the more distant oxygen and 
silicon atoms). If two positive charges came as close 
to the iron as the oxygen atoms would permit, they 
would be located on the corners of a tetrahedron (not, 
of course, the same tetrahedron occupied by the oxygen 
atoms.) The positives would then produce the S?— S,/? 
or g=4.28 case. 

If an iron atom were in a network modifying position 
(i.e., in the interstices of the glass structure rather in 
the center of an oxygen tetrahedron), we expect both 
D and E to be important. The resonance pattern would 
then be a broad smear. It is possible that some or all of 
the observed broad background resonance may arise 
in such a manner. We do not expect to see sharp, well- 
defined lines such as occur at g=4.28 or g=6 from iron 
in network modifying positions. 

As we have remarked, the near absence of a g=2 line 
in our samples indicates that essentially all of the Fet + + 
ions experience strong crystalline splittings. 

It is interesting to speculate on the intensity of our 
resonance. Our measurements indicate that about } to 

§ There are ways of getting the S.*—S,? coupling from atomic 
arrangements based on symmetries other than that of a tetra- 
hedron. For example, suppose the iron had six identical neighbors 
all the same distance away. Let four be on the corners of a rec- 
tangle with the iron at the center, and let the other two be above 
and below the rectangle on the line through the iron perpendicular 
to the plane of the rectangle. Denoting the angle between the 
diagonals of the rectangle as @, we have D=0 and E is propor- 
tional to cos#@. (Thus, if the rectangle is a square, 2=90°, and 
both D and E vanish.) Tinkham oc. Roy. Soc. (London) 
A236, 535 (1956)] has observed this case for Mnt* (which is iso- 


electronic with Fe++*) in the ZnF: lattice. He found D&O, 
E120 gauss. 
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} of all the Fe+ + + is in a g=4.28 site. For the glasses 
we report on, the average number of nonbridging® 
oxygen atoms per silicon tetrahedron is about 4. That 
is, about 3 of the silicon tetrahedra have. an isolated 
neighboring positive charge. If we assume that Fe+ + + 
ions are all in network forming sites, they should have a 
strong probability of attracting a single positive charge 
to make then equivalent to the Si** ion. They should 
then give a g=6 resonance. By analogy with Si*t about 
4 of the Fe+** should have a nonbridging oxygen, 
thereby attracting a second positive ion. This is just 
what is needed for the g=4.28 site, and fits our high 
intensity determination. The question then arises why 
do we not see a g=6 resonance from those Fet + + ions 
which have just a single neighboring positive. One 
might expect about 3 of the iron to be in such a site on 
the basis of the argument that about # of the silicon 
tetrahedra have all their oxygens shared with other 
tetrahedra. However, the fact that the g=6 line actually 
extends from g=6 to g=2 means that it is broad and 
comparitively weak. Its intensity at g=6 is diminished 
below the g=4.28 line in approximately the ratio 
(AH/2000)! where AH is the breadth the resonance 
would have apart from the spread from g=2 to 6. 
(We assume the same AH for both g=6 and g=4.28 
lines.) This ratio is about one-tenth, not enough by 
itself to surpress the g=6 resonance. Possibly the two 
resonances have different AH, or perhaps the iron is 
less likely to have a g=6 surrounding than we estimate. 

The hypothesis that the g=6 resonance comes from 
Fet+ + + could be checked by experiments similar to our 
own on one of the “g=6” glasses listed by Sands. A test 
of our speculations on the atomic surroundings of the 
iron would be a systematic study of the relative 
intensities of the g=4.28 and g=6 resonances as a 
function of the composition of the glass. One would 
expect the g=4.28 resonance to be relatively stronger 
in glasses where the probability of having two neigh- 
boring positives is quite high. 

It is a pleasure to acknowledge that our studies on 
iron in glass are the direct result of the stimulus of Dr. 
Scott Anderson, who in addition also provided the 
samples and their analysis, and who has been most 
helpful in introducing us to the complexities of the 


_ physics of glasses. We also gratefully acknowledge the 


support given by the Alfred P. Sloan Foundation 
through a grant to one of us. 


APPENDIX A: Eigenstates of E(S,?—S,?) 


We outline here the determination of the eigenstates 
of the Hamiltonian E(S2— S,?). We note that rotating 
the x into the y axis changes the sign of the Hamil- 
tonian. As a result we can show that the energy levels 
occur in pairs of equal but opposite energy. We define 
the operator R (and its inverse R-') which rotates x 


* A bridging oxygen is one which is shared by two silicon atoms. 
That is, it is common to two silicon tetrahedra. 
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into y and y into —x, by the equations 
RS,R= S, 
RS,R=— S, 

RR“ =1. 

Thus consider any eigenfunction ~ of energy W, 
E(S2— S/7)#s=Wim 

= E(S?— Sf) RR. 

Operating on both sides from the left by R we get 
ER(S2— S/7) R27 (Rm) =WiRku 


= E(S—S,) (Rm). 
Therefore 


E(S2- S,?) (Rm) =—=— W,( Ru) 


so that (Rm) is an eigenfunction of energy —W,. 
Therefore, the energies occur in pairs (unless W:=0). 
We note also that 


E(S2—S,) = (E/4) (S24 S), 


where S,=5,+i5,. Therefore, in the S, representa- 
tion, all diagonal elements of 3 are zero, and the off- 
diagonal ones connect states of | Am |=2. 

For spin § this means the 6X6 matrix factors into 
two 3X3’s, one involving the states m=§, 3, —#, the 
other m= $, —}, —§. Since the states must occur in 
pairs of energies +W, the roots must be +W,, and 0. 
The 3X3, therefore, can be reduced to a 1X1 and a 
2X2, and the roots are easily solved. The eigenfunc- 
tions and energies are: 


Eigenfunctions (normalized) 
¥i= (9/14) §[b52— (5/9) #432] 


v= (9/14) *[b4n— (5/9) B32] 


Vs= (5/28) [Bs 0-+ (14/5) #41 2 
+ (9/5)§b_s2] 


w= (5/28) 1 _so+ (14/5) 1D_ip 
+ (9/5) iba] 


Energy 


0 


W=2(7E)* } 


Ys= (5/28) *[Ssa— (14/5) br 
+ (9/5)*bs2] 


W=-—2(7E)} 
¥o= (5/28) *[b+2— (14/5) !b4 
+ (9/5) Ss] 
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Calculations of the first-order splitting of these levels 
show that the x, y, and z axes are the principal axes of 
the g tensor, give the corresponding g values, and, in 
particular, prove that the g values of the W=0 state 
is 30/7. 


APPENDIX B: THE EFFECT OF A SMALL DS,*? TERM 


In the body of the text we have assumed there is no 
term DS; present in the Hamiltonian. If D¥0, we 
may, as an approximation, treat it by perturbation 
theory. 

In the first-order perturbation, a term DS, shifts 
the levels but it does not remove the twofold de- 
generacy. Moreover, since in the first-order theory 
there is no change in the wave function, the g values 
are unchanged. 

In second-order perturbation theory, the wave func- 
tions y, and yz are changed to new ones y;’ and yy’ 
given by 


v1 =¥i—[3(5)#/7(7)*]}(D/E) Pip 
v2! =Y2—[3(5)#/7(7)*](D/E) Bsn. 
The ew g values are readily shown to be 
g2= (30/7) — (120D/49E) 
&y= (30/7) + (120D/49E) 
g.= 30/7 (unchanged). 


The center of the resonance line is not shifted, but 
the line is broadened, the shape depending on the 
distribution in g values (i.e., of D/E) among various 
sites of the iron ions. The resonance line would be 
symmetrical about its center. If we use the peak heights 
of the derivatives as a measure of the line breadth, 
the corresponding g values are 4.20 and 4.38. Thus if 
the line breadth were due to a DS, term, a typical 
value of D/E would be 


120D/49E)=0.10 


D/E=0.05. 


As a matter of fact, the breadth of the resonance is 
about what one expects from the magnetic dipole 
coupling between the iron ions. Consequently the 
figure for D/E given in the foregoing may be looked 
upon as an upper limit. 
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Light Scattering by Anisotropic Inhomogeneities in Thin Polymer Films under Strain. 
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Inhomogeneities in thin polymer films are assumed to have two different polarizabilities, one longitudinal 
and the other transverse. A distribution function for orientation of these anisotropic inhomogeneities is 
obtained as a function of degree of strain and utilized to obtain average scattered intensity. Expressions 
for differential cross sections of scattering which have been defined are derived. 





I. INTRODUCTION 


HE scattering of light by thin polymer films under 

one-dimensional strain has been investigated by 
Stein and co-workers.' They have interpreted their data 
in the light of modified Debye-Bueche? theory as- 
suming that the inhomogeneities are anisotropic and 
that the electric field of the incident light is not dis- 
torted on entering the particle (Rayleigh-Gans-Born 
approximation). Under these conditions, according to 
Norris and Stein’* (this paper will be referred to as 
NS), the expression for the Rayleigh ratio is 


Ry(Y, w) = (a°?/of) (n?(p, w) )(abc) p(y, w), 


where y is the angle of scattering with respect to the 
incident beam; w characterizes the orientation about 
the axis of the incident beam; A» is the wavelength of 
light in vacuum; (7°(¥,w)) is the mean-square di- 
electric constant fluctuation which is dependent on the 
state of polarization of the observed light; a, b, c are 
the three parameters characterizing the extension of 
an inhomogeneity in three directions, and p(y, w) 
is the interference factor. The expressions in NS for 
(n?(W,w) ) are obtained in terms of functions of an 
angle ¢ which gives one particular orientation of an 
inhomogeneity with respect to the direction of stretch. 
They mention that for a distribution of orientations, 
the average value of the appropriate function of « 
should be used. In their treatment Stein and Norris 
obtain the average values of cos*e and cos‘e by manipu- 
lating the experimental data obtained using other 
techniques. Only through these functions do the expres- 
sions for Rayleigh ratios become dependent on the 
degree of strain. 

Fy In the present note, we retain the model proposed by 
' Stein and co-workers,! but introduce the dependence 


* Contribution No. 607 from the National Chemical Labora- 
tory, Poona. 

1 (a) F. H. Norris and R. S. Stein, J. Polymer Sci. 27, 87 (1958); 
(b) Plaza, Norris, and Stein, J. Polymer Sci. 24, 455 (1957); (c) 
Keane, Norris, and Stein, J. Polymer Sci. 20, 209 (1956); (d) 
J. J. Keane and R. S. Stein, zbid. 20, 321 (1956); (e) R. S. Stein 
and J. J. Keane, ibid. 17, 21 (1955); (f) J. J. Keane and R. S. 
Stein, Rev. Sci. Instr. 25, 892 (1954); (g) R. S. Stein and F. H. 
Norris, J. Polymer Sci. 21, 381 (1956). 

?P. Debye and A. M. Bueche, Paper presented before the 
American Physical Society, Chicago, November, 1950; J. Appl. 
Phys. 20, 518 (1949). 


of Rayleigh ratios on the degree of strain directly. 
Each inhomogeneity is treated as a spheroid, “a” 
being its semi-major axis and “b” its semi-minor axis. 
The principal polarizability a; is assumed to be along 
“a” and a, along “b’’. Each spheroid is treated as a 
Rayleigh scatterer, all the spheroids being identical 
as regards their optical properties. It is further assumed 
that no new crystalline nuclei are formed and that the 
dimensions of a spheroid do not suffer change due to 
strain. It will be pointed out later that the possibility 
of alteration in the dimensions can be adequately ac- 
commodated in the present treatment. In calculating 
the intensity of scattered light, multiple scattering due 
to individual spheroids is neglected, so that the re- 
sultant scattering is obtained as the statistical average 
emitted by the dipoles induced by the incident wave in 
the individual spheroids which are oriented spatially in 
accordance with a derived distribution function. 
Expressions for the scattering cross sections for the 
various states of polarizations so obtained will have to 
be multiplied by the p(y, w) factor obtained by NS 
to take into account the interference arising due to the 
extension of an inhomogeneity comparable with the 
wavelength of light. A similar treatment of the effect of 
anisotropy on light scattering by streaming freely 
flexible linear macromolecules has been given by 
Stevenson and Bhatnagar.* 

Distribution function for orientation of spheroids.— 
Let an elastic film containing. crystalline inhomo- 
geneities lie in the YZ plane of a right-handed cartesian 
system, the positive X axis being the direction of 
incident light (So). Here an inhomogeneity is es- 
sentially a crystalline region which is connected to 
another inhomogeneity by means of flexible chains. 
When the film is stretched in a direction, say, parallel 
to the Z axis, a spheroid (inhomogeneity) suffering a 
displacement also changes its orientation. Let the 
vectors r and r2 specify the orientation of the spheroid, 
and X;, Yi, Z; and Xe, Ye, Z, be the coordinates of its 
center before and after stretching. Then, 


X2=iX1, Yo=o!1, and 


Z2=)3Z1, 


where Aj, Ae, and 3 are the extension ratios. 


3A. F. Stevenson and H. L. Bhatnagar, J. Chem. Phys. 29, 
1336 (1958). 
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If one imposes the condition that 


Arers= 1, (1) 


one obtains 
M=Ac=1/A! and \s=A 


for a one-dimensional extension parallel to the Z axis. 
The probability that the axis of an unoriented spheroid 
will lie between 6 and 6+d@ and ¢ and ¢+4d¢@ is given 
by 1/4 sin6éd@dp. The probability {(6’, ¢’)dé’d’ that 
after extension the major axis would lie between @’ and 
6’+d6’ and ¢’ and ¢’+d¢’ is then given by 


S (8, ¢')d0’dg’ = (1—x?) /4x sind -(1—«? sin?) —4d6dg, 


(2) 


where x*=1—1/\* and 1/4 is determined by the 
normalizing condition 


A [se $')de’dg! =1. (3) 


Calculation of the differential cross sections—We now 
calculate the intensity of scattered light by a spheroidal 
scatterer which is uniaxially isotropic with polariza- 
bilities a;; and a, respectively, parallel and perpen- 
dicular to its major axis, whose orientation is specified 
by @ and ¢’. Let a’, 8’, and 7’ be the direction cosines 
of S, the direction of observation with respect to So 
(So being the direction of incidence, in this case the 
positive X axis). The plane of scattering is defined as 
usual as the plane containing S and S). 

Let p be the induced electric moment per unit 
amplitude of the electric vector E° of the incident wave. 
Then one obtains for the components of the induced 
electric moment, per unit amplitude of the electric 
vector of the incident wave and for the two states of 
polarization of the incident wave, the following ex- 
pressions: 


parallel polarization: 


peii= (ay) — a) (Lom +hmy) 


(7) 


Put = (aj) — a1) (2p myn) tarp}; 


Pa= (ay) — a) (mymet+ny?r) +a 
perpendicular polarization: 

pei = (a\;—a1) (hmy—lmy) 

Py = (a)— a1) (mymy— mr) — ay 

pat = (a) —ax1) (mu— myn) +ap, 
where 

1,= sin@ cos@, m,= sind sing, n= cos8, 

and 


= cos, v=sinw, 
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w being the angle that the scattering plane makes with 
the XY plane. 

The radiation scattered by a dipole of moment p is 
given by #*SX(p XS), where the propagation factor 
(1/r) exp[—i-k(r—ct)] is omitted and k=2zx/)’, 0’ 
being the wavelength of light in the medium. The 
scattered amplitudes in the directions parallel and 
perpendicular to the plane of scattering are given by 
the following expressions: 


E\,=k[—pz sinp+p, cosy cosw+p, cosy sinw ], 
E,=R[—p, sinw+ pz cosw ]. 


(10) 


(11) 


Substitution of (7) and (8) in (10) and (11) gives the 
scattered amplitudes, Ej\+;, E\\41, etc. Thus, 


E\.4= (a; a1) (mm cosw-+-m, sin) 
-{—1, sin)-+m, cosy cosw+m cosy sinw} +-a1 cosy], 
(12) 
E14, = PL (a;—a1) (m cosw— m, sinw) 
-(—h sinb-+m, cosy cosw-+m cosy sinw) ], (13) 
E\\ 41 = PL (a; — a1) (mm cosw+-m sinw) 


*(m cosw—m, sinw) ], (14) 


and 

E.,1=P[(a;—a1) (m cosw—m, sinw)*+a, ]. (15) 
The corresponding differential cross sections for 
scattering, 0})51|, 711), 7151, and 01,1 are obtained by 
averaging the squares of Eqs. (12)-—(15), respectively, 
and multiplying by p(y, w), the interference factor. 
Thus, 


Fis = PY, ff Buss, ¢' )dé'dg’, 


where 
b(v, w) = (ab?/x*)* exp[— (wa/n’)?{p*(1—cosp)? 
+7? sin’) cos’w+sin’y sin*w} ] 


and 


p=0/a, 


and respective equations hold for the rest of the 
differential cross sections for scattering. Here oj).,;; 
denotes the differential cross section for scattering by 
the inhomogeneity when the incident light is polarized 
with its electric vector parallel to the plane of scattering 
and the component of the scattered light whose electric 
vector is polarized parallel to the plane of scattering is 
observed, with similar meaning for the rest of the 
differential cross sections. 


(16) 
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For the case of one-dimensional extension, one 
obtains the following expression: 
o11511= R4(1— x?) [as? cos*y/(1—x*) +3(a\;—a1)? 
+ {I cos*p cos?2w+-$(1i+Js—§+I3) cos*p sin?2w 
+sin*y (12/4 +cos’w+J, sin’w) } ]p(y,w), (17) 
F141) = kA(1—x*) (1) a1)?(2) [fa costo 
+ (13/4) sin’w}sin’y+ {74 cos?2w 
+3(?7S1s—h+Is) sin?2w} cosy ]p(y, w), 
0-44 = k*(ay)—a1)*(1—x*) (2) [Za cos*2w 
+(3) 7eLs—t+Js) sin?2w |p(y, w), 
o141= kA(1—x*) [as?/(1—«*) +(3) Layj—an)? 
+ {Zs costw+ (2) Js sintw+3J, sin’w cos*w} 
+ (3) a1(a;—a1) (1; sin’w+2I2 cos*w) ]p(y, w), 
where 
T= (2 | x) {1/(1—*) — (1/2) In((1+«)/(1—«) J}, 
(21a) 
(21b) 


(20) 


T= (2.| x*) {(1/2x) In[(1+«)/(1—«) ]—1}, 
T= (2/x*) {1/(1—«*) +3 
—[(3+0*) /4«] In((i+«)/(1—«) J}, 
h=h—-h, 
Ty= — (1/x*) { (3/2x) (1—1*) In[(1+«)/(1—x«) J 
—3+2e}. (2te) 


Equations for as and (a\;—a,) in terms of the di- 
mensions of inhomogeneity.—Rayleigh* has shown that 
for a prolate spheroid with axial ratio p=b/a, (O< 
pS1) 


(21c) 
(21d) 


__ (m1) a 
 [2/p+ (m1) To] a 





and 
(cx; — a1) = (3) (m?—1) a*{[(m?—1) In +-2/P 7 
—[(m?—1)Io+2/pT"}, 


* Lord Rayleigh, Phil. Mag. 114, 28 (1897). 


(23) 
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where 


— >?) 
1 (1/0) [2p in (24) 
and 


Ih=[1/p?—I.], (25) 


where “‘a” is the semi-major axis of cross section of a 
spheroid. 

The formulas (22)-(25) are applicable to oblate as 
well as prolate spheroids, provided for the case of oblate 
spheroids, (i) “a” is replaced by “pa”; (ii) p is re- 
placed by 1/p in all formulas; and (iii) J, is defined as 


I.= — p'/(1—p*) +[*/(1—p*)**] costp. (26) 
DISCUSSION 


The limit of applicability of Eqs. (17)-(20) is 
governed by the factor \’/(m—1), m being the ratio of 
the refractive index of the crystalline region to that of 
amorphous regions. Obviously, for polymer films, 
(m—1)<K1 and consequently the value of “a” can be 
much larger than in cases where (m—1) is not very 
much less than unity. 

For greater strain, the dimensions of the inhomo- 
geneity as well as its orientation may change. Under 
such circumstances it is reasonable to assume that 
a=a+C’h, where C’ is a constant and the axial ratio p 
remains unaltered. However, it is advisable to work 
at low extensions to avoid contribution from amorphous 
regions whose polarizing properties may also undergo 
substantial change at high elongations. 

Another important factor to be taken into account is 
the decrease in the number of inhomogeneities in the 
irradiated volume due to applied strain. If N is the 
number of such inhomogenities per unit volume before 
elongation, then after elongation the number would 
decrease by a factor (1/A!). This would enable one to 
extrapolate for zero concentration of the inhomo- 
geneities per unit volume so that specific scattering 
factors can be obtained. 
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It is the purpose of this paper to examine the pressure dependence of the rate constant k of unimolecular 
decompositions within the framework of the generalized Lindemann mechanism. For trace amounts of re- 
active polyatomic molecules possessing very small equilibrium fractions of reactive states, the observed & 
may be identified with the lowest eigenvalue of the relaxation spectrum. After an examination of the Kassel 
and Slater microscopic decomposition frequencies (m.d.f.’s), this approach is applied to the strong collision 
mechanism which is a common feature of both theories. Finally, the lowest eigenvalue is calculated for the 
inefficient stepwise activation mechanism in combination with the simple Kassel m.d.f. The pressure de- 
pendence of & on a reduced basis is found to be relatively insensitive to the details of the activation mecha- 
nism employed. The effect of less efficient processes in the intermolecular energy transfer and of anhar- 
monicities in the intramolecular energy transfer tend to broaden the transition range of k between the 


high- and low-pressure limits. 





I 


T present a number of simple polyatomic mole- 
cules are recognized to undergo homogeneous gas 
phase decompositions according to unimolecular mecha- 
nisms.! When small amounts of these reactants A de- 
compose in a large excess of inert gas M, the observed 
kinetic behavior is first order. The observed pseudo 
first-order rate constant k is found to possess the 
following properties: (1) in the high-pressure limit & 
attains the constant value &,, independent of the 
nature of added gas; (2) in the low-pressure limit, & 
is proportional to the concentration of inert gas M, 
i.e., k= koM ]: (3) ko depends on the nature of M; and 
(4) the pressure dependence of & in the extended 
intermediate region is specific with regard to the nature 
of both A and M. Subject to the availability of data, 
the value of k may be conveniently exhibited in terms 
of the limiting constants k,, and ko and the mutual 
dependence of the reduced variables k/k,, and 
koLM Vk... 

The accepted qualitative explanation of unimolecular 
decomposition was proposed by Christiansen? and 
Lindemann.’ According to their mechanism, reactant 
molecules are activated by collision with other gas 
molecules to an activated state possessing sufficient 
vibrational energy to decompose. This activated state 
subsequently either decomposes or is collisionally 
deactivated. In this two-level system, the mechanism 
thus takes the form 


h 
Ao+M=Ai*+M 


ky 


(1) 


"1 
A,*——»products. 


* Presented at the Sym a gr on Absolute Reaction Rates, 


Madison, Wisconsin, M: 30-April 1, 1959. 
t This work was supported by the National Science Foundation 
under Grant 3056. 
1For a review, see A. F. Trotman-Dickenson, Gas Kinetics 
OT A Chie Scientific Publications, London, 1955). 
, Thesis: Reaktionkinetiske Studier, Copen- 


hag tiga), »,PP- 50-51. 
F. A. Lindemann, Trans. Faraday Soc. 17, 598 (1922). 


The concentrations corresponding to the nonreactive 
state Ag and the activated state Ai*, are then governed 
by the rate equations 


[Ao ]/dt= — k_[M ]{exp(—Be*) [Ao ]—[Ai*]} 
d[Ai* )/dt= — k_[M }{[Ai*]—exp(—fe*) [Ao]} 


se mL Ay* ]. 


(2) 


(3) 


The Boltzmann factor for the energy separation e* of 
A;* and Ag arises from microscopic reversibility. In the 
usual treatment of these rate equations it is assumed 
that (1) the total concentration [A(é) ] of the reactive 
gas follows the observed rate law, [A(#) ]=[A(0) Je**; 
and (2) the fraction of excited molecules may be ob- 
tained from Eq. (3) by employing the steady-state 
hypothesis and assigning the equilibrium distribution 
to the fraction of nonreactive molecules. This leads to 
the following expressions for the pressure dependence 
and limiting values of the pseudo first-order rate con- 
stant 


k 1 ko 
kite RDM . 


k_exp(—Be*) __"exp(—Be*) 
1+exp(—Be*)’ “ 1+exp(—Be*)’ 








ko= (5) 


In preparation for our subsequent treatment, it will 
now be convenient to observe that, for trace amounts 
of A, the constant coefficient differential Eqs. (2) and — 
(3) may be easily integrated. For the experimental 
conditions of an initial equilibrium distribution of 
reactant, the evolution of A is given by 


[A@®] 


fA(O)] ~ exp(—A_4) +04 exp(—Aj44), 
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A_([M ]= © )—Ax 
Ay— AL 
As = 3{kaL1+exp(—e*) [TM ]+n 
+[{n+k«[1+exp(—e*) JM J}? 
—4[M nik exp(—Be*) }}. 


It is of interest to observe that, despite the apparent 
complexity of this result, in the usual cases in which 
the equilibrium fraction of activated states is very 
small, to within negligible error s_= 1 and )_ is identical 
with the rate constant k of Eqs. (4) and (5). Further- 
more in the present case of 


exp(—Be*)K1, 4, ~exp(+Be*) (&,.+hoLM J) 
which implies that \,>>\_. These results show that (1) 
the second transient of Eq. (6) dies out immediately, 
(2) the approximations used in obtaining Eqs. (4) 
and (5) are very good, and (3) the observed rate 
constant may be identified with the lowest eigenvalue 
of the relaxation equations. This lowest eigenvalue is 
the perturbation, arising from the chemical sink, to 
the lowest (vanishing) eigenvalue in the absence of 
reaction. 

It is the purpose of this investigation to examine the 
pseudo first-order rate constant & within the framework 
of generalizations of the Lindemann mechanism. We 
shall examine the limiting cases of very efficient and 
inefficient collisional mechanisms, and the salient 
features of the Kassel* and Slater’ microscopic decom- 
position frequencies. These factors constitute, re- 
spectively, the generalizations of Rk. and » in Eqs. 
(2) and (3). In the next section we shall critically 
examine the Slater and Kassel theories which both 
employ the efficient collisional energy transfer mecha- 
nism and thus employ a Lorentz type collisional term. 
In Sec. III we shall examine the inefficient collisional 
mechanism corresponding to stepwise activation among 
neighboring vibrational states. This mechanism leads 
to a Fokker-Planck type collisional term. In both these 
limiting cases k may again be identified with the well 
separated lowest eigenvalue of the relaxation spectrum 
and may be obtained from a simple variational prin- 
ciple. The comparison of the two limiting activation 
mechanisms with a common Kassel sink is presented 
in Sec. IV. It is found that the pressure dependence of & 
on a reduced basis is quite insensitive to the inter- 
molecular energy transfer mechanism selected. This 
relative insensitivity of & arises from the smoothing 
effect over many molecular states. Alternatively, it 
may be ascribed to the common variational origin of k. 
It is concluded in this investigation that an inefficient 
intermolecular energy transfer process as well as the 





0+.>= st (6) 


4L. S. Kassel, Kinetics of Homogeneous Gas Reactions (Chemical 
Catalog Company, New York, 1932). 
( 5N. B. Slater, Phil. Trans. Roy. Soc. (London) A246, 57 
1953). 


influence of anharmonicities in intramolecular energy 
transfer both lead to a more gradual pressure de- 
pendence of k on a reduced basis. Measurements of ko 
provide the best criterion for bracketing the collisional 
mechanism. 


II 


We now turn to the available extensions of the 
simple Lindemann mechanism. Here it is again® as- 
sumed that reactant molecules are activated to reactive 
states by collisions with other gas molecules. The 
reactive states subsequently either decompose into 
products or are again deactivated. Thus, the general 
mechanism for a unimolecular reaction involving an 
inert gas and trace quantities of reactant is 


An+MieAntM, 


Vn 
A,*——»products. 


(7) 


A, is a reactant molecule in an energy state represented 
by the set of quantum numbers {m} (the superscript* 
will designate reactive states), M; is an inert gas mole- 
cule in an energy state {/}, and », is the microscopic 
decomposition frequency (m.d.f.) for the state {m} and 
is assumed to be vanishingly small for nonreactive 
states. In order for this theory to take into account 
subsequent refinement, the m.df. should also be 
weakly pressure dependent. This arises, for example 
in Slater’s theory’ of “nonrandom gaps” and in the 
effect of anharmonicities in the intramolecular energy 
transfer that we shall examine briefly. The mechanism, 
Eq. (7), implies that the concentrations of reactants 
in the various states {m} are determined by 


(df,,/8t) (df, /dt) coll Vn j.” 
fn(t) =[Aa(t) V[A()]; 
[A(t)]= DULAn(é)]. (8) 


Under heat bath conditions of M, the collisional con- 
tribution takes the form 


(Of, /dt) coll = — doaaml(fn/ Pn) i ( fn/ Pm) | 


Gnm=Amn (9) 


where pz» is the normalized equilibrium distribution for 
the state {z}. Summation of Eq. (8) over all states, 
with use of the symmetry of the transition probabilities 
Gnm, determines the rate of change of the macroscopic 
concentration of reactant 


{—1/[A]} {a[A V/dt} = aa nea 


states 
only 


pn= [An ]/LA]. 


(10) 


(osm for example, H. S. Johnston, J. Chem. Phys. 20, 1103 


™N. B. Slater, J. Chem. Phys. 24, 1256 (1956). 
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The theories of Kassel and Slater employ Eq. (10) asa 
common starting point. In both treatments the states 
{n} are treated explicitly in the harmonic approxima- 
tion. By analogy with the conventional solution of the 
classical theory: (1) the l.h.s. of Eq. (10) is identified 
with the experimentally observed k, (2) the fraction 
pn Corresponding to a nonreactive state {”} is approxi- 
mated by the equilibrium distribution P,; and (3) the 
steady-state hypothesis is invoked for reactive states. 
The collisional term for reactive states is further 
assumed to have contributions only from the non- 
reactive states. This strong collision assumption then 
leads to a Lorentz type collision term, 


{1/[A]} {d[A,* ]/dt} eae C(pn*— P,*)/taJ— Ynpn* =0; 
dX  aum/ Pra*. (11) 


nonreactive 
m 


; Th) = 


In actual application it is assumed that there is com- 
plete deactivation upon every collision so that the 
relaxation times 7, are taken as constant and are repre- 
sented in terms of the kinetic collision constant.® 


t=1/[M]b; b= (8/Bu)*o’. (12) 


The specificity of the rate constant with respect to the 
nature of the inert gas M is here adjusted by the arbi- 
trary assignment of variable collision diameters. 

The main difference between the earlier theory of 
Kassel and that of Slater lies in the molecular detail 
inserted into the m.d.f. The former depends only on the 
total energy of the oscillators while the latter involves 
all their action variables. Despite this distinction 
Kassel’s theory and Slater’s classical treatment lead to 
the same type of temperature independent pre-ex- 
ponential factor for &,, as appears in Eq. (5), in which 
equation the Boltzmann factor in the denominator 
should be justifiably deleted. 

In Kassel’s treatment the reactive molecular states 
are represented by s weakly coupled oscillators with 
common angular frequency w. The m.f.d. for states 
with total energy fw is assumed to be proportional to 
the probability that a particular oscillator, say m, 
possesses at least m* quanta. The probability is com- 
puted by assuming a microcanonical distribution for the 
basic states belonging to n. 


n= Dx (u(m—n*) n=Px[g.(n—n*)/g,(m) ]u(n—n*) 
u(t)=0 t<0 
=1 ¢>0 

g.(m) = (m+-s—1)!/m!(s—1)!. 


These specifications lead to the following expression for 
the pressure dependence of Kassel’s k: 


Lae piayich (ne 
ihe= 1" at aaa 
6= Bh, 


(13) 





(14) 


while the high-pressure limit is given by 
Ko= Vx exp(—fex*) 


€x*= n* hu. (15) 
The high-pressure pre-exponential factor ?x and activa- 
tion energy ex* are evaluated from the experimental &.,. 
Since @ and s, the number of effective oscillators, are 
adjustable parameters, the theory is frequently only 
utilized in the semiclassical limit, so that the m.df. 
simplifies to 


v(¢) =PxLge(e—ex*)/ga(e) Ju(e—ex*) 
g.(n)=n**/(s—1)! (16) 


which leaves the temperature dependence of &,, un- 
changed. 

Slater’s theory leads to a smaller number of adjust- 
able parameters and is based on transition state criteria. 
He considers a particular reaction coordinate q, which 
is expressed in terms of the normal modes of the mole- 
cule. His m.d.f. is then assumed to be given by the 
frequency with which q exceeds the critical value qo. 
For the subsequent discussion it will be convenient to 
simplify the formulation in terms of the Dirac delta 
function, 5(q). The number of times the value q@ is 
attained by q; in time 7 is then given by 


yD f 5(m—9)da= I ‘a(a- qo)| qr’ | dt. 


Upon only admitting positive extensions of g, and using 
the “random gap” approximation,’ the desired m.d.f. 
is then taken as the infinite time average 


c= L=lim +f v(P q)dt 
r32 0 


v(Pi m)=[8(q—Go)/2]-| am |. (17) 


This infinite time average is then computed in terms of 
a suitable phase average, where it is convenient to 
perform a contact transformation to the angle and 
action variables ¥, J of the normal modes. In the 
classical limit the proper average® is obtained by taking 
random phases and specified action variables 


L((Jast dva))= f+ flor, a TTOU 1-7 a0 Lavi, 


(18) 


where m’ is the number of nondegenerate modes con- 
tributing to g,. The Fourier integral representation for 
v(p:, q:) then immediately leads to Slater’s explicit 
m.d.f., to which the interested reader is referred.* The 
k.. that arises in the classical limit from Eq. (18) takes 
the simple form 


k=, exp(—Be,*). 
8M. Kac, Am. J. Math. 65, 609 (1943). 


(19) 
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Here , and the minimum energy required for dissocia- 
tion ¢,* are formally available from the frequencies and 
m amplitude factors contributing to qu. 

It is, however, of importance to recognize that in 
unimolecular rates two competing time scales appear 
in the theory. One involves the time between collisions 
and the other measures the time of intramolecular 
energy transfer. Since the former increases with de- 
creasing pressure, one expects the anharmonic interac- 
tions to wash out some of the initial conditions, con- 
tained in Eq. (18), as the low-pressure limit is ap- 
proached. Although the calculations of Fermi, Pasta, 
and Ulam’ on the effect of anharmonicities for a small 
number of oscillators indicate that under certain con- 
ditions this may not arise, their work is as yet not 
applicable to the complicated anharmonic interactions 
in real molecules. The limiting form of smoothed out 
initial conditions is obtained by use of a microcanonical 
average in Eq. (18). The desired result is most easily 
obtained from the inverse Laplace transform of Eq. 
(19) and yields a Kassel type classical m.d.f. 


[- [opi a)¥(¢—9 Tas fay 





a gm(e) 


= Fegm(e— 6s") U (e—e2*)/fm(€). (20) 


We now turn to the interpretation of this result. Al- 
though the m.d.f.’s, Eqs. (16) and (18), lead to differ- 
ent ko’s, in the classical limit the reduced pressure 
dependences are strikingly similar. 


‘co igre 
x= k./ RoLM_], 


where in Kassel’s theory 





(21) 


and 
, _T(s)-a(Ber*) 
(2+Bex*)** 
we 1 
[1+ (2/Bex*) -{1—[(s— 1) /Bex*]}’ 
while by Slater’s theorem® ¢ is molecularly specified, 
t=}(m'+1) 








(22) 


and 
(23) 


It is now of interest to observe that an increase of ¢ 
leads to a more gradual pressure falloff for k. Since by 
comparison of Eqs. (20) and (23), tssharm> nam, Within 
the framework of the transition state criterion (17) 


a=1. 


* Fermi, Pasta, and Ulam, Los Alamos Scientific Laboratory 
Rept. 1940 (1955). 
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the implicit inclusion of anharmonic interactions leads 
to a more gradual falloff. The extent to which this 
trend occurs cannot be established at present. 

Since the frequencies in molecular vibrations must 
be quantized, Slater has more recently proposed a 
quantum formulation. He retains all the earlier assump- 
tions of his classical treatment including the m.d.f., 
Eq. (17), but simply replaces the normalized classical 
equilibrium distribution in the final Eq. (21) by the 
equilibrium Wigner™ function for the oscillators. This 
procedure leads to revised expressions for ko and &,,, 
but yields the same pressure dependence for k/k,, on a 
reduced basis. By contrast Kassel’s theory on a reduced 
basis depends strongly on the quantum spacing 8. 

We shall explore Slater’s extension by examining, for 
illustrative purposes, the case of only one oscillator. 
Here the Wigner phase space function, recognized to be 
real but not positive definite, is defined for the mth pure 
state as 


Wa(P, a) = (x)=) va(aty)va"(Q—9) 


Xexp(2ipy/h)dy. (24) 


Upon inserting the normalized oscillator wave function 
¥» into Eq. (24) and using a standard formula” one finds 
that W, can be expressed in terms of the Laguerre 
polynomial 


W,= (—1)* exp— (2H /hw) Ln(4H/hw) 
~b[(J/h)—nVh 
H= (p°/2m) + (mw*¢?/2). (25) 


Although the Wigner function is recognized to yield 
correct expectation values only for sum functions of 
noncommuting variables,” its simple use implies the 
following quantum m.d.f. 


ra= {f6(¢—a) | 2/m| Walp, adapig 


J i “Yean( J)Wa( J) aS. (26) 


The classical configurational criterion underlying the 
theory thus also leads to contributions from the non- 
reactive states. Upon introduction of the generating 
function 


P(J)= LoWa(J), 


(27) 


ee i "Wal J)P(J)aI 


10N. B. Slater, Proc. Roy. Soc. Edinburgh A164, 61 (1955). 

1 E. Wigner, Phys. Rev. ‘a, 749 (1932). 

2A. Erdelyi, Tables i eh. 4 ig pment 
Book Company, New Yor Vol. II, p 

13 A, O, Barut, Phys. Rev. 108, 5 (19573. 
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the rate constant & with use of Eqs. (10) and (26), 
indeed takes Slater’s final form 


(28) 


ro a f “Veuune( J) P( SAS. 
n= 0 


In the high-pressure limit P(J) corresponds to equi- 
librium so that 


ka=v exp(—B'e,*) 
6t= (2/fuo) tanh(6/2). (29) 


The calculation of P(J) at lower pressures is more 
complex. It is obtained by summing Eq. (11) with use 
of the definition (27). Upon carrying out this operation 
it is found that Slater’s surmise 


P( J) = Pea(J)/ (1+ ciaes7); (30) 


is subject to two approximations. The first is the rela- 
tively good estimate 


W.(H’ /fiw)W(H/fw) 
= Wa. (H'/fuo) (6[ (H’— H) /fuo \/h). 


The second is the implicit assumption that the Lorentz 
collision term also applies to the nonreactive states, a 
condition which now implies that 


(A[A J/8t) on. 


Thus Slater’s ‘application of the Wigner function to 
noncommuting variables and his surmise Eq. (30), 
leave his quantum extension on less secure ground 
than his important classical theory. 


Ill 


We now turn to that solution of the basic equation 
(8) which is the extension of Eq. (6). It is here con- 
venient to introduce a function which measures devia- 
tions from equilibrium. The desired relation deter- 
mining the evolution of molecular states now reads 


P,(8G,/dt) = — Dd Gnm(Ga—Gm) —vnPrGn*; 


Ga=fn/ Pa. (31) 


It will be noted that the formal inclusion in aa» of 
anharmonic contributions to the intramolecular process 
would lead to a higher effective pressure and thus to a 
more gradual pressure dependence. The general solu- 
tion of Eq. (31) immediately follows when one recog- 
nizes that its r.h.s. involves a self-adjoint operator. 
With the usual experimental condition of an initial 
equilibrium distribution, the macroscopic concentration 
of reactant species then takes the simple form 


[A() VLA) ]= Lien exp(—Ae!) (32) 


where 


Ga=[ 2) PaGu™ P/ >) PaGu?, 


681 


The eigenvectors and eigenvalues appearing in Eq. 
(32) are related by 


Ne PnGa® = Youn (Ga —Gn) +nPrGa*™, (33) 


and thus follow from the variation criterion 


bA=0 
where 


A= 40> anm(Ga—Gm)?+ Don Pa nV D PrGe. (34) 


In those representative systems whose reactive states 
correspond to a very small initia) fraction, the leading 
term go in Eq. (32) again differs only negligibly from 
unity. The associated lowest eigenvalue is well sepa- 
rated from the higher ones and may be identified with 
the experimentally observed pseudo first-order rate 
constant k. These consequences of the mechanism, 
Eq. (7), thus account for the observed time evolution 
of the system. Since in the high-pressure limit an 
equilibrium distribution is attained, G,,=1 in this 
limit, so that 


k=o((M]= > )= Diva Pa®. (35) 


By using the familiar inequality satisfied by the lowest 
eigenvalue 


ho(G,°) <)o(Ga= 1) 


it follows that 
k<k,, (36) 


which qualitatively accounts for the pressure falloff of 
the rate constant. 

The assertion that the lowest eigenvalue Xo is well 
separated from ),; follows from Courant’s theorem.“ 
We designate the lowest nonvanishing eigenvalue in the 
absence of the chemical sink by ),° and note that the 
quadratic form associated with the chemical sink alone 
is positive definite. The theorem then ensures that 
\i>A,°. Furthermore, the separation between ); and 
Xo is least in the low-pressure limit. Here 


do Pasdr’, 


when P,», the equilibrium fraction for the least ener- 
getic state leading to dissociation, is very small. Thus, 
we finally obtain the result \y>>)o. 

These considerations will now be applied to the 
earlier case of the strong activation mechanism. Here, 
we again only consider transitions to reactive states 
from the nonreactive states distributed at equilibrium. 
With use of the previous notation, the lowest eigen- 
value then takes the simple form 


p> (Pn/Ta) (G,— 1)*+-ynPaGn™? 


a 





> PaGn? (37) 


4 R. Courant and D. Hilbert, Methoden der Mathematischen 
Physik (Julius-Springer, Berlin, 1931), p. 28. 
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The distribution of reactive states follows from the 
condition 5\9=0, so that 


G,=[1+72(vn—o) f. (38) 


Since in general \oKmin »,, the substitution of Eq. (38) 
into Eq. (37) finally yields 


k=o= > [ Pavn/(1++yntn) |. 


reactive 
’ states 


(39) 


Relation (39) is identical with the result obtained from 
the steady-state hypothesis Eq. (11), and the assump- 
tion that the l.h.s. of Eq. (10) may be equated to k. 

We shall now examine in greater detail the transi- 
tions that would be induced in A by collision with M. 
Since the very low-lying nonreactive states can be 
adequately treated in the harmonic approximation, one 
here takes transitions among neighboring vibrational 
states as dominant. The relevant transition proba- 
bilities for this case ‘were introduced by Landau and 
Teller in their investigation of sound dispersion. This 
theory has been subsequently refined by Shuler’ for 
closed systems of one-oscillators. As the reactive states 
are approached, due to the increasing contribution of 
anharmonicity, centrifugal stretching, etc., broader 
transitions and larger transfers of intermolecular energy 
become of increasing importance. The example of strong 
collisions considered in the foregoing is the limiting 
case for the efficient transfer of energy. In the re- 
mainder of this paper we shall calculate & for poly- 
atomic molecules, employing the other limiting case of 
an inefficient collisional operator corresponding to the 
transfer of small amounts of energy and transitions 
: only between adjacent vibrational states of the re- 
actant molecule. It is to be expected that the actual 
collisional contribution is bracketed by these extremes. 

This treatment is carried out within the framework 
of the generalized Lindemann mechanism and again 
ignores the effect of possible low-lying excited elec- 
tronic states. 

The present case of a set of oscillators, weakly coupled 
to the heat bath environment, implies that Eq. (9) is an 
example of the Pauli equation whose foundation has 
been critically analyzed by van Hove." In order to 
study the pressure dependence of & for this essentially 
quantal activation process, we adopt the Kassel model 
of s effective degenerate oscillators and an m.df. 
dependent cnly on total energy. Although this model 
possesses too many adjustable parameters, its use 
facilitates explicit calculations, and leads to a tempera- 
ture dependence for &,, consistent with experiment. 
The discussion of Sec. II reviews that with proper 
choice of the parameter / the pressure dependence of & is 
comparatively insensitive to the m.d.f. selected. Since 

4%. Landau and E. Teller, Physik. Z. Sowjetunion 10, 34 
aor J. Rubin and K. E. Shuler, J. Chem. Phys. 25, 59 (1956). 

11E, W. Montroll and K. E. Shuler, J. Chem. Phys. 26, 454 


(1957). 
18], van Hove, Physica 23, 441 (1957). 
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both the initial equilibrium conditions and the m.d.f., 
Eq. (13), are functions of the total quantum number n, 
it suffices to take those G’s in the variational formula- 
tion (34) as dependent only on n. Use of the familiar 
Landau-Teller transition probabilities for the indi- 
vidual oscillators and summation over all quantum 
numbers except that corresponding to the total energy 
immediately leads to the following expression for \: 


A= [ur(nts) Pe (Gnyi— Gr)?+ LonPaGatV P,G,? 


(40) 
P,r=g,.(n) (1—e*)*e-™ 
=e Py! ], 


where the Kassel », is given by Eq. (13). Pye! desig- 
nates the “effective” Landau-Teller transition proba- 
bility per collision for the transition 1 to 0 of a repre- 
sentative oscillator and is recognized to depend on the 
nature of the inert gas M. 

The desired relaxation spectrum is obtained from the 
condition 6\=0, which yields the basic relation 


(A/f) PuGn= (n+s—1) Pa—1(Gn—Gr_y)u(n—1) 


— (n+) Pa(Gnsi—Gn) + (vn PnGn/f)u(n—n*). (41) 


IV 


In preparation for the calculation of the lowest eigen- 
value of Eq. (41), it will be instructive to consider a 
related mechanism which utilizes the foregoing stepwise 
process for the degenerate oscillators but employs an 
energy dependent m.d.f. that leads to the Slater type k 
of Eq. (29). Since the differential equation that arises 
resembles formally the semiclassical limit of Eq. (41), it 
leads rather easily to the main physical conclusions 
inherent in the difference equation. This procedure will 
also provide a simple route for obtaining \»°, the eigen- 
values in the absence of a sink. We again use the Wigner 
function for the oscillators, Eq. (25), and note that in 
the present degenerate case we only require the func- 
tion defined by 


Wr=[e.(n) 2D []W., (Hi/f). 


{nj} it 


n= n. (42) 


With the use of the addition theorem for Laguerre 
polynomials,” W, may be expressed in terms of as- 
sociated Laguerre polynomials and the total Hamil- 
tonian of the oscillators: 


_ (—1)" exp— (2H /fiw) Ly*'(4H/hw) 
&e(m) (xh)* 
19W. Magnus and F. Oberhettinger, Formulas and Theorems 


for the Functions of Mathematical Physics (Chelsea Publishing 
Company, New York, 1954), p. 85. 


(42) 


Ww 





. (43) 
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We again construct the generating function 


F(H)=[H/(s—1) 1] P.G.W,(H); 


(44) 


G.=e"(1—e*) i ” F(H)W,(H)dH. 


At equilibrium where G,=1, F(H) reduces” to the 
normalized Wigner function P(y) 
F.q(H) = P(y)=[y-1/(s— 1) !J6te; 
y=B'H. (45) 
We next substitute the collisional part of Eq. (41) into 
Eq. (44) and find, with use of recursion formulas for 


Laguerre polynomials, that the desired relation for the 
mechanism leading to a 


k.= ¥ exp(—fte*) 
is given by 
AP(y)G(y) = — (d/dy) ty P(y) (dG/dy) J 
+7[1— (y*/y) #*P(y)G(y)U(y—y*), (46) 
where 
G(y)=F(y)/P(y); —-y*=Bre*; 
t= (1—e*) Prort*[M Jp. 
The collisional contribution to Eq. (46) is seen to 
possess the expected Fokker-Planck form” with 
“friction constant” ¢*. Equation (46) must be solved 
subject to vanishing of current at the end points and 


continuity of function and current at y=y*. This 
yields the conditions 


limy’e~¥ (dG/dy) =0; 
v0 
limy'e~¥ (dG/dy) =0; 
re 


(47) 


From the derivation of Eq. (46) it follows that in the 
absence of a sink Eqs. (41) and (46) are equivalent. 
The solution of Eq. (46) with 5=0 subject to the con- 
ditions (47) is readily seen to be 


Gn=L,' (y), 


so that the spectrum of Eq. (41) in the absence of 
reaction is given by 


(d logG/dy) continuous at y= y*. 


And= met, (48) 
This result and application of Courant’s“ and Weyl’s” 
theorems then provides a convenient bound for the 


30 A, sede’ ings Transcendental Functions (McGraw-Hill 
Book Com , New York, 1953), Vol. II, p. 189. 

2R, W. extie, T. Chem. Phys. 28, 365 (19 ). 

2H. Weyl, Math. Ann. 71, 441 (1912). 
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spectrum resulting from stepwise activation and 
Kassel’s m.d.f. 


larger of m{t or va<Am<mt'+ix. (49) 


We now return to the study of the lowest eigenvalue 
of Eq. (46). For y<y* the solution satisfying the 
boundary condition at the origin is given by the con- 
fluent hypergeometric function™ 


G_=a%[(—)/5"), s, 9]. (50) 


For the case considered here of P,*<1, it is sufficient 
to retain only linear terms in Xp. 


@[— (ro/$*), 5, ¥J=1—(Ao/S*)A(y), (51) 


where 
h(y) = (s—1)! f "(Let ex-a(y) Vy" bay. 


On the basis of this result, the low-pressure limit can be 
calculated since here G_(y*)=0. For the present 
illustrative model, \9([M_}-0) takes the form™ 


koLM J=3'/h(y*) 
(s-)le 1) lev 
y(y=5) 


For the desired pressure dependence of & solutions of 
Eq. (46) must also be obtained for values of y larger 
than that of the “classical turning point” y*. Although 
for s=1 and 2, the solution is again in terms of confluent 
hypergometric functions, the general case is most 
readily handled by alternative techniques. The use of 
the trial function G«1—ah(y) for yo y* and G« 
exp(1—5)y/2 for y>¥y* in the variational formulation 
of Eq. (46) leads to results indistinguishable from those 
obtained by machine calculation if s is very small. 
k/k,. may then be expressed as a function of ko M ]/k., 
by the parametric equations 


h(y)~— 7 (A+ L9/(y—-s)*]4°*°}. (52) 


4{(s+2)5+s} 
6*1(8—1) (36+ 1)’ 
4{ (s+2)8+5—(s—1)} 
6*(6+1)2(38+1) 





Rol M /k..= 


k/k.= 





(53) 


For arbitrary s available asymptotic techniques are 
sufficient to map out the pressure dependence of & in 
the low and high pressure regions. The procedure is 
straightforward in the low-pressure region * while in 
the high-pressure region an extension of Langer’s 
method” leads to modified Bessel functions of the third 


*3 Reference 20, Vol. I, p. 248. 

* Reference 20, Vol. Il, p. 140. 

% A. Erdelyi, Asymptotic Expansions (Dover Publications, Inc., 
New York, 1956), p. 83. 

%* Reference 25, p. 93. 
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Fic. 1. k/ke versus kf M]/ko. €~*=0.6. Solid lines are curves 
calculated with the present theory for s=9 (bottom) and 8 (top); 
dashed line is that given by Kassel theory for s=10. 


kind. With neglect of terms 0(1/y*) the result of these 
calculation may be easily summarized: 


B/ha~ 1 (ea/ Ro MIE (25) 1/(s!)"H-- + 
k/kQM]~1— MY +, (54) 


This result is to be contrasted with the analogous 
pressure dependence that is derived from the strong 
collision mechanism and the classical Kassel model, 
Eq. (21). Here it is found that 


k/kas~ 1— { Reo/ Rol M J}[(2s—2) !/(s—1) ?] 
k/RoLM J~1—c' [TM Yo, (55) 


It is thus seen that our approximation to the difference 
equation describing the stepwise activation process 
leads to a pressure dependence for k, on a reduced basis 
very similar to that of the semiclassical strong collision 
Kassel theory. The present mechanism requires 1 less 
Kassel oscillator at high pressures and 2 fewer Kassel 
oscillators at low pressures. The same insensitivity to 
activation mechanism and the identical oscillator rule 
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Fic. 3. k/ke versus kM ]/ko. Variation with e~*. s=10; e~*= 
0.1, 0.6, 0.8 (from top to bottom). 


hold for the solutions of the difference equation, Eq. 
(41), which we shall now examine. 

Here we designate the solutions of Eq. (41) by G- for 
n below n* and by G* for nm above n*. The equation for 
the nonreactive states is conveniently solved by double 
summation of Eq. (41) to yield the discrete analog of 
an integral equation 


G-=Gr == 0/9) SS V[PaGa/(48) Pi. (56) 
l=0 m=O 


This equation may be solved in terms of a power series 
in A by iteration. For the present case of P,+<1, calcu- 
lation shows that for the evaluation of Xo, a linear 
perturbation is sufficient, so that 
Ga~=Go-[1— (Ao/$) tn ] (57) 


where 





by n—1 1 gs (m) e(t—m)e 
n= 2a Deg)’ 


For large values of n, k, may be approximated with high 


(58) 











107 10" 0° p10 10° eg 
Fic. 4. k/ke versus pressure. Comparison of theory with ex- 
periment. The horizontal scale has been shifted for the various 
curves to tree convenient display. From top to bottom; cyclo- 
7 aN 0.8, 8), nitrogen pentoxide (0.6, 10), nitrous oxide 
(0.8, 3). Circles indicate theoretical values computed using the 
values of e~* and s given in the parentheses. Experimental data 
were taken from reference 1. 
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precision by the discrete analog of the Blanch expan- 
sion™ 
he ee 
ng.(m) (1—e*)*1{1—[se*/(m—1) (1—e*) J} 
(59) 


By means of the quantities 4, one can compute the 
degree of depletion of the states below n* due to chemi- 
cal reaction for any value of (Ao/f). Due to the ex- 
ponential dependence on m of h,, deviations from 
equilibrium for »<m* are negligible except in the 
vicinity of n*. The deviation is a maximum in the low- 
pressure limit since here the activated states are com- 
pletely depleted by chemical reaction, so that G,»=0. 
Thus in the low pressure limit, with use of Eqs. (57) 
and (59), one obtains 


hol M ]~fg.(n*) (1—e~*)* exp(—n*0)[n*(?—1) —s] 
= Prog t{n*—[s/(A—1) ]} (60) 
where {* is explicitly given in Eq. (46). In the high- 


pressure limit, G,°=1, so that by summation of Eq. 
(41) over all states we obtain 


ho= x exp(—Bex*) ; 
«.*=n*hw. (61) 


In the intermediate pressure range, solutions of Eq. 
(41) are required for all m. Equation (57) and the 
matching conditions 


Gaeat = Great 





and 
Gas =Gaet 
lead to the desired relation of (%/k,.) as a function of 
x=k,,/koM, 
Gas_it—Gyst 
k/k= (1 : 
[hew= (1/8) Gas* IanaT ban) | 
Since Ax<v_e, the G*’s are determined by the relation 
né (Ga+—Gyrat) + (n+5) (Gat— Gast) 
4 xg.(n—n*)G,+ a 
exp(—1"6)hnsg.(m) 
Equation (62) was evaluated on the IBM 650 computer 
of the University of Rochester Computing Center.” has 
and Aps_s were calculated from Eq. (58). Because of the 
strongly divergent nature of the inadmissible solution 
of Eq. (63), it was found, for the parameters selected 
for evaluation, that the solutions at »* were completely 
insensitive to reasonable starting values for G,+, nt> 
2n*. The results of these calculations computed for 
n*§= 38.4, are summarized in the figures. 

Figure 1 is a representative comparison of the present 
stepwise activation mechanism with the original strong 
collision process, Eq. (14), both with a Kassel m.d.f. 
It is seen that the pressure dependence on a reduced 


7 We are indebted to Dr. Patricia Eberlein for help in pro- 
graming this problem. 





(62) 





(63) 
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Taste I. 





T°’K e s Prot = (2 Pyo**n*/s) 
1.1107 
3.8107 
8.7X107 





0.6 4 6.3X10°* 
0.6 5 1.6X10-% 
0.6 10 6.3X10% 
b=10-* cc/mole sec 





basis is strikingly similar and is in agreement with the 
oscillator rule established in the continuum case. The 
less efficient intermolecular energy transfer process for 
the same assignment of s leads to a more gradual 
pressure dependence than the efficient process. Figures 
2 and 3 illustrate, for the stepwise model, the variation 
with the “effective oscillator parameter” s for fixed 
energy level spacing 8, and the variation with spacing 
for fixed s. As in the familiar Kassel theory, an increase 
in s leads to a broader transition, while a larger quan- 
tum spacing narrows the transition range. Due to the 
flexibility of the Kassel m.d.f., the theory can account 
for the observed reduced pressure dependence of & with 
realistic assignment of parameters. This comparison 
between theory and experiment is illustrated in Fig. 4 
for cyclopropane, nitrogen pentoxide, and nitrous 
oxide, for which reliable data are available over a wide 
pressure range. 

The oscillator rule, illustrated in Fig. 1 brackets the 
pressure dependence of k for the two limiting activation 
mechanisms. The actual applicability to polyatomic 
molecules of the limiting case of small collisional energy 
transfer may be examined by a comparison of ko 
(theoretical) , given by Eq. (60), and ko (experimental). 
Table I summarizes this comparison for selected mole- 
cules for which reliable values of k are available. 
ko (experimental) for NO and N,O; has been taken 
from reference 1 and that for NO,Cl from the work of 
Volpe and Johnston.” The values of Py**! listed in the 
table are those that would lead to agreement between 
theory and experiment. The last column lists the energy 
transfer efficiency, per oscillator for those high-lying 
states that no longer contribute to the value of k. 
The mean values of Pi*! thus obtained for the high- 
lying states of these molecules are not inconsistent with 
known large experimental P,’s for very low-lying states. 
Nevertheless, due to the unavoidable arbitrary assign- 
ment of parameters this result does not warrant any 
definite conclusions as to the extent of applicability of 
this mechanism to polyatomic molecules. 

We are indebted to Shuler for recently bringing 
our attention his paper” on the low-pressure limit for 
diatomic molecules which also employs stepwise activa- 
tion. Our expression for this quantity is obtained by 
setting s=1 in Eq. (60) and is in complete agreement 
with the criteria adopted by Montroll and Shuler. 

%M. Vol . Ss. . Am. . Soc. 
asso. Volpe and H. S. Johnston, J. Am. Chem. Soc. 78, 3910 


29E. W. Montroll and K. E. Shuler, Advances in Chemical 
a (Interscience Publishers, Inc., New York, 1958), Vol. I, 
p- ° 
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Precise measurements of the absorption in oxygen resulting from the small magnetic dipole moment are 
reported at frequencies near 2, 3, 9, and 23 kMc and at pressures in the range from 3 to 70 atmos. Up to 10 
atmospheres the resonant contribution agrees with the Van Vlieck-Weisskopf theory and the line width 
increases in proportion to the pressure. The line width (relaxation frequency) for the nonresonant con- 
tribution also increases in proportion to the pressure, but is only about one-third as large as the resonant line 
width. Above 20 atmospheres the resonant absorption shows anomalous behavior resembling that previously 
noted in the case of the inversion spectra of NH; and NDs. In particular, the resonant frequency appears 
to decrease rapidly while the line width changes much less rapidly than the pressure. 





INTRODUCTION 


N its ground electronic state, *2, the oxygen mole- 
cule has two unpaired electrons, and the permanent 
magnetic dipole moment gives rise to absorption at 
microwave frequencies. As shown by Van Vleck, this 
absorption is divided into two distinct spectra, one 
resonant and the other nonresonant. 

Since oxygen is the principal gaseous constituent of 
the atmosphere that absorbs microwave radiation, 
both spectra are of considerable practical as well as 
theoretical interest. The resonant spectrum, consisting 
of many lines in the vicinity of 60,kMc, has been very 
extensively studied at low pressures and high resolution.? 

Some observations have also been made of the un- 
resolved envelope of these lines under atmospheric 
conditions.*-** Measurements at the higher pressures 
and lower frequencies, needed to determine the char- 
acteristics of the nonresonant contribution, have not 
been reported previously. In computations of the 
atmospheric attenuation due to oxygen, it has been 
generally assumed that the line widths for the resonant 
and nonresonant contributions are the same. 

Measurements of the resonant absorption at higher 
pressures, where the line width becomes comparable to 
or greater than the resonant frequency, are also of 
particular interest in connection with the line-shape 
theory of pressure broadening. The resonant spectrum 
of oxygen, like the inversion spectra of NH; and ND,, is 
especially suited for such studies, since it is confined 
to a rather narrow region of frequency and the widths 
of the individual lines at low pressures are known. At 
higher pressures, where the widths become substanti- 
ally greater than the separation between lines, the entire 
spectrum may be approximated by a single line having 
the same integrated intensity. Previous data on NH;‘ 

*Present address: Research Laboratories, Hughes Aircraft 
Company, Culver City, California. 

1J. H. Van Vleck, Phys. Rev. 71, 413 (1947). 

2(a) R. M. Hill and W. Gordy, Phys. Rev. 93, 1019 (1954); 
(b) J. O. Artman and J. P. Gordon, ibid. 96, 1237 (1954); (c) 
M. Tinkham and M. W. P. Strandberg, ibid. 99, 537 (1955); (d) 
M. Mizushima and R. M. Hill, ibid. 93, 745 (1945). 

8 (a) R. Beringer, Phys. Rev. 70, 53 (1946); (b) Strandberg, 
Meng, and Ingersoll, ibid. 75, 1524 (1949). 


4B. Bleaney and J. H. N. Loubser, Proc. Phys. Soc. (London) 
A63, 483 (1950). 


and ND,' show pronounced changes in this region. In 
particular, the data can be reconciled with the Van 
Vleck-Weisskopf theory only if both the resonant 
frequency and the line-width parameter decrease rapidly 
with increasing pressure. Eventually, the absorption 
becomes indistinguishable from that of a purely non- 
resonant, or zero-frequency, spectrum. The transition 
occurs well below atmospheric pressure in the case of 
ND. 

In this investigation the absorption in oxygen has 
been measured at pressures up to 70 atmos at fre- 
quencies near 9 and 23 kMc and up to 8 atmos at 2.3 
kMc.® The latter conditions permit an accurate deter- 
mination of the parameters characterizing the non- 
resonant spectrum without serious overlap from the 
resonant lines. At the higher frequencies and pressures 
the resonant and nonresonant terms both make sub- 
stantial contributions to the observed loss. The general 
behavior of the resonant spectrum can be readily de- 
duced and it is found to resemble, at least superficially, 
that observed in the ammonias. 


THEORETICAL RELATIONS 


The resonant spectrum consists of a number of lines 
which, with one minor exception that will be neglected 
hereafter, lie near 60 kMc. These involve transitions 
between the multiplet levels of each rotational state 
and are governed by the selection rules AJ=+1, 
AN=0, J and N being the quantum numbers for the 
total and the end-over-end angular momenta, respec- 
tively. Selection rules for the nonresonant absorption 
are AJ =0. 

The total absorption in oxygen, expressed in terms 
of the loss tangent, is given by 


tand = (24N qu?/3kT) 
> fw {LN (2N+3) S4/3(N+1) (2N-+1) ] 
+[(N-+1) (2N—1)S_/3N(2N-+1) ] 
+[(N?+N-+1)S0/3N(N+1)]}, (1) 


5G. Birnbaum and A. A. Maryott, Phys. Rev. 92, 270 (1953). 
* A brief preliminary report of results over a more limited ran 
of pressures was given previously (Phys. Rev. 99, 1886 (1955) ). 
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where Np is the molecular density, » the dipole moment 
(u?=8yo? where wo=1 Bohr magneton=0.927X10-” 
erg gauss~'), and fy is the fractional number of mole- 
cules in the rotational state designated by the quantum 
number NV. The summation extends only over odd values 
of N, as states with even values are excluded because of 
symmetry. The shape factors are designated by S, and 
the subscripts +, —, and 0 refer, respectively, to the 
transitions 


J=N+1<N, 
J=N-—1-N, 
N+1-—N-+1, 


NN, 
N-1<-N-1. 


From the Van Vleck-Weisskopf theory,’ we find 
Ss = {vAvs/[ (Avy)?+ (v—vy)?]} 
+ {vAvs/[ (Avs)?+ (v+v4)?]} 


where »v is the applied frequency, Av, is the line width, 
and vy, is the resonant frequency. The factor So per- 
tains to transitions between degenerate states for which 
the resonant frequency is zero. For this case, S; re- 
duces to 


J= 


So sal 2vAvo/ (Ave?-+r*) . 


Hereafter, Avo will be referred to as the relaxation 
frequency in order to distinguish it from the resonant 
line width, Av,. 

Although more exact matrix elements than the above 
have been given by Tinkham and Strandberg,’ the 
difference is too small to be of consequence in the pres- 
ent application. Equation (1) also involves other slight 
approximations which have negligible importance when 
the dielectric constant and magnetic permeability are 
close to unity. 

If So does not depend on the state NV, the summation 
involving the last term of Eq. (1) reduces to S/3. 
The resonant part may also be simplified. Recent meas- 
urements of the individual line widths? indicate little 
if any variation from line to line. Also the lines are 
much too broad to be resolved at the pressures with 
which we are concerned and we may, to a close approxi- 
mation, replace the v; by a single frequency corre- 
sponding to the center of the band. Then, for T= 298°K, 
Eq. (1) becomes 


tan 8=8.60X10-"(p/Z) (So/3+25:/3), (2) 


where is in atmospheres and Z is the compressibility 
factor. Data on the static magnetic susceptibility 
show that the suceptibility per molecule decreases 
slightly with increasing pressure and indicate a tendency 


7J. H. Van Vieck and V. F. Weisskopf, Revs. Modern Phys. 
17, 227 (1945). 
( ‘ uf Tinkham and M. P. W. Strandberg, Phys. Rev. 97, 932 
1955). 
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TABLE I. List of cavities used to measure the dielectric loss in 
compressed oxygen. 





Loaded Q 
(approx) 


Pressure 


Frequency 
range (atmos) 


Cavity mode (kMc) 





48 000 
28 000 
10 000 
15 000 
6 500 


3-8 

8-38 
21-68 

8-40 
21-68 





to form weak, diamagnetic complexes.® The change in 
susceptibility per unit of pressure, however, is essen- 
tially constant for the pressures in question. Conse- 
quently, in the following analysis, we shall use Eq. (2) 
and simply let Z equal unity. 


EXPERIMENTAL 


The method of measuring the absorption in gases, 
specifically the loss tangent, using tunable, transmis- 
sion-type cavities is described in another paper.” A 
number of different cavities were used. The character- 
istics of the cavities are given in Table I. 

The loss tangents were obtained from the changes in 
transmitted power at resonance and the loaded Q, 
when the cavity was filled first with oxygen and then 
with a reference gas having the same refractive index 
and negligible loss. Argon was used for the reference 
gas because it has practically the same refractive index 
as oxygen at a given pressure. Use of argon minimizes 
the errors that might result from changes in transmitted 
power or in the Q of the cavity because of pressure 
distortion. 

Samples of oxygen from several commercial sources, 
including one of high purity used previously for precise 
measurements of the dielectric constant, were measured 
and no significant differences in the loss tangent were 
obtained. Water vapor was a likely contaminant in 
some of the samples and an estimate of its effect on the 
loss tangent was made, assuming maximum contamina- 
tion (saturation). The computed loss is at least two 
orders of magnitude smaller than any observable effect. 

Measurements were made at a temperature of 25 
1°C. Pressures were determined with calibrated Bour- 
don test gauges; to precision of +0.5%. 


RESULTS 


The data obtained at 2.30 kMc are summarized in 
Table II. The second series of measurements was made 
after a lapse of more than a year and with a different 
experimental assembly. The agreement between the 
two sets is quite satisfactory. 

The data for 9.07 and 23.34 kMc are shown graphi- 
cally in Fig. 1. The values of tané/p, interpolated from 


*Woltjer, Copoolse, and Wiersma, Communs. Phys. Lab. 
Univ. Leiden 201d; Proc. Acad. Sci. Amsterdam 32, 1329 (1929). 
as 30) A. Maryott and G. Birnbaum, J. Chem. Phys. 24, 1022 
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TABLE II. Loss tangent for oxygen at 2.30 kMc. 
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these curves at intervals of 10 atmos, are given in 
Table III. At the intermediate pressures, where 
measurements with the TEq and TE, cavities overlap, 
the agreement is good. The result obtained with the TEn 
cavities average about 2% higher at both frequencies. 


ANALYSIS 
(a) Data at 2.30 kMc 


A superficial examination of the data at 2.30 kMc 
(Table II) shows that the loss in this region is of the 
nonresonant type and any overlap from the resonant 
part is minor. It is evident from Eq. (2) that as the 
pressure, and consequently the relaxation frequency 
Avo, increases, the quantity tan 6/p (nonres) should 
rise to a maximum value of 2.87 10—7 when Avp=y and 
then decline as the pressure is further increased. The 
observed maximum value occurs in the neighborhood 
of 4 atmos and is close to this theoretical limit. 

Before we evaluate the parameters characterizing 
the nonresonant spectrum, we shall examine the 
resonant contribution in more detail. For the case where 
the line width and the applied frequency are both small 
compared to the resonant frequency, the resonant term 
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Fic. 1. Plot of the loss tangent per atmosphere for oxygen as a 
function of the pressure at_23.34 and 9.07 kMc. 
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TABLE III. Interpolated values of the loss tangent per atmosphere 
adi at 9.07 and 23.34 kMc. ” 





> (atmos) tan 8/p 
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in Eq. (2) reduces to 
tand/p(res) =11.5X 10~vAv,/r,?. (3) 


The centroid frequency, v,, may be taken as 60 kMc and 
the line width parameter as Av,/p=1.95 Mc per mm 
Hg.? Subsequent analysis of our data at the higher 
frequencies will justify the use of this line width rela- 
tion at the much higher pressures now under considera- 
tion. The resonant loss tangent computed from Eq. (3) 
amounts to 1 to 3% of the measured loss at 0.0765 cm. 
Allowance for the small resonant contribution was made 
in obtaining the parameters characterizing the non- 
resonant absorption. 

The parameters for the nonresonant absorption were 
obtained from the data as plotted in Fig. 2, in the man- 
ner described previously. A straight line results if the 
relaxation frequency is the same for molecules in all 
states and if this frequency increases in proportion to 
the pressure. The experimental data show a random 
scatter of 1 to 2% about a straight line. The char- 
acteristic parameters are 


Avo/p=0.018cm™ atmos 
and 


(tand/p) max=2.93X 10-7? atmos. 


The maximum value of tané/p is about 2% higher 
than the theoretical limit. The close agreement con- 
firms the existence of a single relaxation frequency 
parameter. If there were a distribution of relaxation 
frequencies associated with molecules in different rota- 
tional states, the experimental value should be lower 
than the theoretical value. 
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Fic. 2. Plot for obtaining the parameters characterizing the 


nonresonant loss in oxygen below 10 atmospheres. 
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(b) Data at 9.07 and 23.34 kMc 


At the higher frequencies the resonant and nonreson- 
ant terms in Eq. (2) both make substantial contribu- 
tions to the measured loss. If we compute the loss with 
the assumption that Ay, and Ayo are proportional to the 
pressure, we obtain curve 2 of Fig. 3. At 10 atmos the 
agreement between the computed and the observed 
values (curve 1) is rather close, the computed values 
being about 4% lower at both frequencies. At this 
pressure there is little uncertainty in computing the 
nonresonant part. Since the nonresonant term accounts 
for about 83 and 43% of the total loss near 9 and 23 
kMc, respectively, it is evident that the data near 23 
kMc are more indicative of the behavior of the resonant 
absorption. The agreement between the measured and 
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Fic. 3. Comparison of the experimental values of the loss 
tangent with the values computed from the Van Vieck-Weisskopf 
relation: experimental data (curve 1), values computed with 
the low-pressure relaxation frequency and line width ters 
(curve d , and with these parameters adjusted to give the maxi- 
mum loss (dashed curve). 








computed values suggests that the Van Vleck-Weisskopf 
line-shape theory is adequate and that the line width is 
essentially a linear function of the pressure for pressures 
below 10 atmos. 

At pressures greater than 10 atmos very significant 
discrepancies appear. At 68 atmos and 23 kMc the 
observed loss is twice the calculated value, and at 9 
kMc the discrepancy is nearly threefold. This dis- 
crepancy cannot be explained solely on the basis that 
Avo and Ay, are no longer linear functions of the pres- 
sure. Even if Avo and Av, are chosen arbitrarily to give 
the maximum loss at each pressure, the computed 
values are still too small for pressures above 20 atmos. 
The upper limit in the computed values for this ar- 
bitrary choice of line width and relaxation frequency 
at 23 kMc is shown by the dashed line in Fig. 3. It is 
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TaBLeE IV. Selected values of the relaxation frequency (Avo), 
the resonant line width (Av,), and the resonant frequency (v4) 
that fit the experimental data on oxygen. 
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apparent that the primary difficulty is not due to the 
uncertainty in these parameters at higher pressures. 

If we are to interpret the data with the Van Vleck- 
Weisskopf relation, it is necessary to assume that the 
resonant frequency, v,, decreases rapidly as the pressure 
increases. In addition, the data at the highest pressures 
require quite narrow line widths, not very much larger 
than the value at 10 atmos. Hence, in order to avoid 
the unrealistic situation of having Avo eventually be- 
come larger than Ay,, it is also necessary to let Avo 
increase somewhat less rapidly than the pressure. 

We thus have three unknowns Ayo, Av,, and v4 to 
determine at each pressure and the present measure- 
ments at only two frequencies are insufficient to deter- 
mine uniquely these values. Nevertheless, the form of 
the shape factors is such as to restrict very severely the 
permissible range of values for these parameters. A 
trial and error analysis is therefore useful in providing 
at least semiquantitative information regarding trends 
and magnitudes. Table IV lists a selection of values that 
represent the experimental data quite well. 


DISCUSSION 


The behavior of the resonant absorption in oxygen 
resembles rather strikingly that previously noted for 
the inversion spectra of NH;‘ and ND;.§ In each case 
the line width increases essentially in proportion to the 
pressure until it approaches in magnitude the resonant 
frequency. A transition then occurs in which the reson- 
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ant frequency appears to decrease quite rapidly and the 
line width no longer increases in porportion to the 
pressure. 

In Fig. 4 the fractional shift in resonant frequency 
(vo—ve')/vo is plotted as a function of yop/vo, yo being 
the initial line width parameter." The data for the three 
gases lie on essentially the same curve, although the 
data refer to widely different ranges of pressure. In 
fact, the transition in ND; occurs at 300-fold lower pres- 
sures than in oxygen. In the microwave region, accord- 
ing to collision theories of pressure broadening,” yop 
is a measure of the frequency of molecular impacts that 
interrupt the radiation process by inducing changes in 
the quantum states. It is apparent from Fig. 4 that the 
transition region occurs at pressures where this collision 
frequency is of the same order as the initial resonant 
frequency. 

The absorption in the ammonias at pressures above 
the transition region has a purely nonresonant char- 
acter, in accord with the Van Vleck-Weisskopf line 
shape specialized to the limit of zero resonant fre- 
quency. The line width (relaxation frequency) again 
increases in proportion to the pressure, but the new 
collision cross section is only about one-third as large as 
in the limit of low pressure. It has been shown that this 
change in cross-section is real’ and not an apparent 
change due to an effect of multiple collisions, as origin- 
ally suggested.* The new cross sections are consistent 
with those obtained for other symmetric-top mole- 
cules,!* where the inversion barrier is much higher than 
in ammonia so that the absorption is nonresonant ir- 
respective of the pressure. 

Since absorption in oxygen has a nonresonant as well 
as a resonant contribution, we can compare the corre- 
sponding collision cross sections directly at pressures 
below the transition region. The cross section, ¢, is 
defined by the relation Ay= Novo, where » is the mean 
relative velocity. For the nonresonant case ¢ is 22 A’, 
compared to about 60 A? for the resonant case. As in 
the ammonias, the nonresonant cross section is several 
times smaller than the resonant cross section. The non- 
resonant cross section is also smaller than the kinetic 
collision value, which is about 37 A*.!* Thus, collisions 
that effect a transfer of kinetic energy or linear momen- 
tum are not strong enough, on an average, to cause 
random spacial reorientation of the oxygen magnetic 
moment. 

The data on oxygen suggest, but do not extend to 
sufficiently high pressures to show conclusively, that the 
absorption eventually becomes purely nonresonant. 


11 Since the widths of the NH; lines vary considerably, we have 
taken the intensity-weighted average value given by Bleaney and 
Loubser (yo=18.6 kMc atmos). The same value is assumed for 
NDs. 

2 C, H. Townes and A. L. Shawlow, Microwave Spectroscopy 
(McGraw-Hill Book Company, Inc., New York, 1955). 

ad s Birnbaum and A. A. Maryott, J. Chem. Phys. 29, 1422 
(1958). 

4“ Hirshfelder, Curtiss, and Bird, Molecular Theory of Gases 
and Liquids (John Wiley & Sons, Inc., New York, 1954). 
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Figure 1 shows that tané/p is reaching a maximum 
value, as would be true in the nonresonant case when 
Avo=v, but the numerical values are too large by about 
10%. Thus, the loss still retains some resonant char- 
acter, the apparent resonant frequency being in the 
neighborhood of 10 kMc. The line width reaches a 
maximum value in the vininity of 30 atmos and then 
begins to decrease, the width at 68 atmos being not 
much larger than at 10 atmos. The dependence on pres- 
sure is probably complicated somewhat by the inappli- 
cability of the simple binary collision mechanism at 
these densities. However, the width at the highest 
pressures is of the order expected in the nonresonant 
limit. 

The theoretical treatment of microwave pressure 
broadening and line shape at higher pressures presents 
difficulties that have not yet been entirely resolved. 
With respect to the shift in frequency in ammonia, 
qualitative and semiquantitative explanations have 
been proposed by Anderson and by Margenau.'* 
In essence, they show that the normal selection rules are 
broken down in the presence of strong dipole perturba- 
tions so that the inversion is inhibited. This interpreta- 
tion of the microwave behavior of ammonia has been 
questioned, however, on the basis of infrared studies.!" “8 
Mizushima, in the following paper,!® examines the effect 
of perturbations on the selection rules for oxygen. His 
analysis leads to a different interpretation of the data 
than proposed here. In particular, it appears that the 
nonresonant contribution, rather than the resonant 
contribution, would be primarily affected, the AJ=0 
transitions being replaced by relatively low frequency 
transitions of the type, J=N+1<N—1. Thus, the 
similarity noted in the experimental behavior of oxygen 
and the ammonias (Fig. 4) may be fortuitious. On the 
other hand, it may be indicative of a basic change in 
line shape. In view of the nonresonant character of the 
dipolar absorption in the liquid state, it is evident that 
the resonant character of the absorption will disappear, 
in general, at sufficiently high densities. 

It is assumed in the preceding analysis that the 
integrated dipolar intensity per molecule is independent 
of the pressure, except for the rather trivial change 
indicated by measurements of the magnetic suscepti- 
bility. At higher pressures significant microwave absorp- 
tion can arise from electric dipoles induced by the force 
fields of neighboring molecules. Such absorption has 
been found in certain non-dipolar gases, notably COs,” 
and can be attributed primarily to small transient 
dipoles induced by the molecular quadrupole fields. 
The quadrupole moment of oxygen, however, is rela- 

1% P, W. Anderson, Phys. Rev. 75, 1450 (1949). 

46H. Margenau, Phys. Rev. 76, 1423 (1949). 

17 A. H. Nethercot, Jr., and C. W. Peters, Phys. Rev. 79, 225 
ir Benedict, Plyler, and Tidwell, J. Research Natl. Bur. Stand- 
ards U.S. 61, 123 (1958). 

19M. Mizushima, J. Chem. Phys. 32, 691 (1960), this issue. 


20 Birnbaum, Maryott, and Wacker, J. Chem. Phys. 22, 1782 
(1954). 
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tively small.”4 Estimates of the pressure-induced absorp- 

tion, based partly on the theoretical analysis of Buck- 

ingham and Pople,” indicate that this absorption should 
21W. V. Smith and R. Howard, Phys. Rev. 79, 132 (1950). 


22 A. D. Buckingham and J. A. Pople, Trans. Faraday Soc. 51, 
1029 (1956). 


IN COMPRESSED OXYGEN 691 
be negligibly small. Furthermore, no absorption was 
observed in nitrogen under comparable conditions of 
frequency and pressure, although the quadrupole 
moment is considerably larger than for oxygen. Conse- 
quently, it does not seem likely that the present data on 
oxygen are materially influenced by this effect. 
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A theoretical explanation of the deviation between observed microwave absorption by high-pressure 
oxygen gas and the prediction by the simple Van Vleck-Weisskopf theory is attempted. The nonspherical 
part of the intermolecular force is considered and the distortion of energy levels and wave functions is calcu- 
lated. It is found that the nonresonant absorption vanishes and a low-frequency (~10 kMc) resonance ap- 
pears at high pressure, while the 60 kMc resonance does not change much. This theory can explain the 


observed data. 





I, INTRODUCTION 


N the preceding paper Maryott and Birnbaum! 
observed the dielectric loss factor (tané) of oxygen 
gas under high pressure up to 70 atmos at 9.1 and 
23.34 kMc. Their results show a large discrepancy 
between the existing theory and the observed values 
even at 20 atmos. Since the mean free path is about 
20 A even at 40 atmos, the Van Vleck-Weisskopf 
theory? of the shape of absorption lines is expected to 
be valid at least up to 40 atmos. However, the inter- 
molecular potential will be a rather large perturbation in 
that region, since it can change the frequency of the 
microwave absorption by about 500 kMc or more at the 
intermolecular distance of about 10 A. 

The same kind of phenomenon, the intermolecular 
perturbation on the microwave absorption, is observed 
for the ammonia molecule.’ In that case the explanation 
has been made by considering the electric dipole-dipole 
interaction between molecules.‘ 

In the case of the oxygen molecule the situation is 
somewhat different in the sense that the electric dipole 
moment does not exist. Since the microwave absorption 
is due to the change of angular momentum, we have to 


*This research has been supported by National Science 
Foundation and U. S. Navy contract Nonr 1147(05). 

1 A. A. Maryott and G. Birnbaum, Phys. Rev. 99, 1886 (1955) ; 
J. Chem. Phys. 32, 686 (1960), this issue. 


2J. H. Van Vieck and V. F. Weisskopf, Revs. Modern Phys. 


17, 227 (1945). 

* B. Bleaney and J. H. N. Loubser, Nature 161, 522 (L) (1948); 
Proc. Phys. he ndon) 63A, 483 (1950); I. R. Weingarten, 
Columbia Radiation Lab. Report (May 1, 1948); G. Birnbaum 
and A. A. Maryott, Phys. Rev. 92, 270 (1953). 

‘H. Margenau, Phys. Rev. 76, 1423 (1949); P. W. Anderson, 
Phys. Rev. (Letters) 75, 1450 (1949). 


consider the rotation of molecules from the beginning, 
while in the case of the ammonia, it could be neglected 
in the first approximation. 


II. INTERMOLECULAR POTENTIAL 


The intermolecular potential between oxygen mole- 
cules is due mainly to the dispersion force and the 
repulsive overlap force. The magnetic force due to the 
residual electronic spin is very small in comparison. 
Since both the dispersion force and the repulsive over- 
lap force are due to the charge of the electrons, not their 
spin, they are expected to have the same symmetry 
as the electronic distribution of each molecule. In 
fact any intermolecular forces except the one due to the 
spin should be the same if we rotate one molecule by 
180° around an axis perpendicular to the molecular 
axis, keeping all the other intermolecular coordinates 
the same. Thus, if the angles between the intermolecular 
axis and each molecular axis are @, and 62, respectively, 
the intermolecular distance is 72, and the relative 
azimuthal angle around the intermolecular axis is ¢y2, 
then the electric intermolecular potential between two 


molecules is a function of cos’@,, cos*@2, cosdiz and the 


intermolecular distance ri2. In most cases the angle- 
dependent part is small compared to the whole inter- 
molecular potential. In the case of the dispersion force 
we can easily obtain 


V = — (31°) (9a? E+ (3) ay E(3 cos*+3 cos%_— 2) 
+(%)7E{ (3 cos’#,—1) (3 cos’@,—1) 
—9 sin®; cos; sind, cosb, 
Xcosdie+sin’?; sin’, cos*pi2}] (1) 
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a= (}) (a); +2a1), 
Y= (a—e1), 


and a, is the polarizability along the molecular axis, 
a, is the one perpendicular to it, and £ is the ionization 
energy. In the case of the oxygen molecule® 

a@=2.35 A? y=1.21 A? 
so that the ratio of the angle-independent part to the 
dependent part is essentially y/a=0.71. 

The electric quadrupole moment gives an angle- 
dependent intermolecular force, but, since this moment 
is known to be very small,* this contribution will also 
be small. 

For the repulsive intermolecular force the van der 
Waals radius’ gives 2.6 and 1.4 A as effective range to 
the direction of the molecular axis and perpendicular 
to it, respectively. Thus the nonsphericity can be ex- 
pressed in the same way as in the polarizability terms, 
that is, (2.6-1.4) /3(2.6+-2.8) =0.67. 

If the nonsphericity is small, we can, in general, 
expand the intermolecular force as 


U= A(z) +Bi(ri2) P (cos) +Bo(riz) 
X P® (cose) +C (riz) P® (cosb:) P (cosbe)-+- +++ (2) 


where the first term is the angle-independent part and 
the next two terms are the interaction between the 
spherical part of one molecule and the nonspherical 
part of the other molecule. P® is the second-order 
Legendre function. The last term gives the interaction 
between nonspherical parts. The ratio of B to C is 
approximately 1 to 0.7 in the case of the dispersion 
force and the repulsive force. 

Since the repulsive potential is larger at 2=0 than 





WotVu—-E 
Wi+Vwy—-E 


symmetric 


W_+Vyi-—E 


at 6=2/2, this potential contributes a positive quantity 
to the B and C terms, while the dispersion potential 
will contribute a negative quantity to them as can be 
seen in Eq. (1). 


Ill. ENERGY LEVELS UNDER STRONG PERTURBATION 


The rotational energy of the oxygen molecule is now 
well known both experimentally®® and theoretically.” 
According to these results each end-over-end rotational 
level, which is designated by the quantum number JN, 
is a triplet due to the coupling between the end-over-end 
rotational angular momentum N and the electronic 
spin S (S=1). The separation among each triplet is 
much smaller than the separation between different NV 
levels. (WV is not an exact quantum number, but it is a 
good quantum number.®-”) 

The perturbation due to a colliding molecule does 
have matrix elements between different N states as 
well as among triplet states, but, since the energy 
difference between different N states is very large, we 
neglect the corresponding nondiagonal matrix ele- 
ments and consider only matrix elements which con- 
nect the triplet states among themselves (See Ap- 
pendix I). 

It can be immediately seen that the angle-independ- 
ent A term of the intermolecular potential (2) just 
gives a constant diagonal matrix element and does not 
change the relative energy of rotational levels. Thus, 
we can neglect it and first consider only 

V =BP® (cos@) (30) 
as a perturbation, where B gives the strength of the 
perturbation. The value of B can be either positive or 
negative, as is explained at the end of the last section. 

The wave function of each state is (VSJM | but 
since S=1, the triplet states we consider are repre- 
sented by (V1N+1M |, (N1NM |, and (N1N—1M |. 
If (N1JM|V|N1JM) is abreviated as Vy, the 
secular equation is 


(NiNM | V|NiN+1M)(N1NM | V | NiN—1M) 


(NIN+1M | V | N1IN—1M) 


where Wo, W, W_ are the unperturbed energy of the (W1N |, (ViN-+1]|, (ViN—1 | states, respectively. By 


5 See, for example, Hirschfelder, Curtiss, and Bird, Molecular Theory of Gases and Liquids (John Wiley & Sons, Inc., New York, 


1954), p 950. 
6 Anderson, Smith, and Gordy, Phys. Rev. 82, 264 (1951). 


7L. Pauling, Nature of the Chemical Bond (Cornell University Press, Ithaca, New York, 1945), p. 189. 
8 Burkhalter, Anderson, Smith, and Gordy, Phys. Rev. 79, 651 (1950). 


®M. Mizushima and R. M. Hill, Phys. Rev. 93, 745 (1954). 


10R. Schlapp, Phys. Rev. 51, 342 (1937); S. L. Miller and C. H. Townes, Phys. Rev. 90, 537 (1953); M. Tinkham and 


M. W. P. Strandberg, Phys. Rev. 97, 937 (1955). 
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using Racah’s formulas" we easily obtain 


B[3X(X—1) —4N(N-+1) J(J+1) ][3M?— J(J+1)] 





Vs=(N1JM | V|N1JM)=— 


2(2J—1) (2J+3) J(J+1) (2N—1) (2N+3)N 
3BM[(N+M+1)(N—M+1)} 





(NiNM | V | NiN+1M)=— 


(2N+3) (N+1)N(2N-+1) 
3BM[(N—M)(N+M) } 





(N1NM | V | NiN—1M) = 


(2N—1)N(N-+1) (2N-+1) 
3B[ (N?— M2) { (N+1)?—M?} } 





(NiN+1M | V | NIN-1M) = 


where X = N(N+1)+J(J+1) —2. 

In the foregoing formulas we took the intermolecular 
axis as the space-fixed axis along which the quantum 
number M is defined. 

If we define 


F,(N) = 0(N1NM | V | N1N-41M)2/(2N-+1) BY, 


F,(N) = 55(N1NM | V | WIN—1M)?/(2N—1) BY, 


F,(N) = 55 (NIN-+1M | V | NiN—1M)?/(2N—1) B?, 
Mu 


(6) 
we can easily see that 
N+2 
(2N+3) (N+1) (2N-+1)’ 
—1 
(2N—1)N(2N-+1)’ 


1 
(2N+1) (2N—1) (2N+3) 





F,(N) = (3/5) 





F,(N) = (3/5) 





F,(N) = (6/25) (7) 


We see from Table I that 
F,(N)&F,(N)>F;(N) 
which shows that as an average the 
(N1N—1M | V| N1N+1M) 
matrix element can be neglected in Eq. (4). 

The resulting secular equation is still a third-order 
one, and it is too tedious to solve it for each value of M. 
Since we are considering an averaged property anyway 
it will be simpler to take an averaged secular equation 
and solve it instead of taking an average of the solu- 


4G. Racah, Phys. Rev. 62, 438 (1942). 


~ (2N—1) (2N-+1) (2N-+3) N(N-+1) 


(S) 





tions. Since the average of diagonal elements Vs over 
M is zero, we simply neglect all V,z’s in this approxima- 
tion, and obtain 


Wo-E ¥B(F,)* +B(F) 


FB(Fi)! W,-E 0 =0, (9) 


+B(F,)$ 0 W_-—E 


where double signs mean to take the upper one for 
M>0 and the lower one for M<0. We reserve this 
sign because it is important in calculating the transi- 
tion probability. By solving this equation we obtain 
energy levels, as a function of the perturbation B. 
It will be easily seen that the solution EZ does not 
depend on the choice of the signs in nondiagonal 
matrix elements; thus it does not depend on the sign 
of B either. 

We designate the energy of the highest energy state 
as E,, that of the lowest state as Es and the middle 
one £,. As B goes to zero 


Ea = Wo, 
Es Ww, 
E,-W_, (10) 


if N27. For N=1, 3, 5, Es>W_, E,W, according 
to this definition. 
A simplified theory can be obtained if one neglects 


TABLE I. Values of Fi(N), F2(N), and F3(N). 





N (5/3) Fi(N) (5/3) F2(N) (5/3) Fa (W) 
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the difference between F, and F, and between W, and W_. If we set 
F\= F,= F, 
W,=W_=0, 


one can solve Eq. (9) immediately to obtain 


Energy 
E=3{Wot(We+8B,F)3}, 


E=0 


E=}3{Wo— (We?+8B*F)}}, 


where the coefficients x and y are easily obtained from 
the corresponding value of E and x?+-y’=1. 
This approximation is not bad if | B | >> | W,—W- |. 


IV. TRANSITION PROBABILITY 


The transition among our three states will take place 
through the spin magnetic moment. Thus we have to 
calculate the matrix element of the spin operator S. 
Suppose by solving the secular equation (9) we obtain 
an eigenfunction 


a(NiN | +0(N1N-+1 | +c(N1N-1 | 
for one state and 
a’(N1IN | +0'(N1N+1 | +c’(N1N—1 | 


for another, then the matrix element of S between 
them is: 


(S)=aa'(N1N | S| N1N)+50'(N1N+1]| S| N1N+1) 
+ce'(NIN—1|S | WiN—1) 
+ (ab’+a’b) (NIN | S| NiN-+1) 
+(ac'-+a'c)(N1N|S|N1N-1). (13) 


The simplification made in Sec. III corresponds to 
assuming | 6 |=| c |. The matrix elements of S between 
(Ni JM | states are given in Table II. 

The transition probability is given essentially by 


u (S}. 


Exactly speaking a, 6, and ¢ are different for each M, 
but we calculated them, in the previous section, by 


TABLE II. Matrix elements of the spin operator S. 





(NI1NM|S |N1NM) =(M/N(N-+1) Jk 
(NIN+1M| S |NiN+1M) =[M/(N+1) Jk 
(NIN—1M|S|Ni1N-—1M) =—[M/N]k 
(N1NM|S|NiN+1M) 

=—[N{(N+1)?—M?*}/(N+1)?(2N+1) Pk 
(N1INM|S|NiN-1M) 

= —[(N+1) (N?—M?)/N2(2N+1) }k 

k is the unit vector to the z direction. 





y(NINM | —(x/v2)(NIN-+1M | —(N1iN—1M |. 


Wave function 


a(NINM | +(y/v2){(NIN+1M | —(WiN-1M)} 


(1/v2) {(N1N+1M | +(N1N-1M |} 


(12) 





taking an averaged secular equation to avoid com- 
plicated calculation. Here we need the average value 
of (S);; over M where i and j are two states among 
a, B and y. We calculate that by using the coefficient 
a, 6, c obtained before and averaging each term over 
M for J2M2 — J, that is, 


(N1N | S| N1N)231/3N(N+4+1), 

(WIN+1 | S | NiN+1)2>(N+2)/3(N+1), 
(N1N—1|S| N1N—-1)23(N—-1)/3N, 

(WIN | S| NiN+1)2>N(2N+3/3(N-+1) (2N-+1), 
(NIN | S| NIN—1)2(N+1) (2N—1)/3N(2N+1), 
(N1N | S| NiN)(N1N+1| S| N1N+1)1/(3N+3), 
(NIN | S| N1iN)(N1N-1] S| N1N-1)>-1/3N, 
(W1iN+1|S|N1N+1)(N1N-1]|S| N1N-1)3-4, 
(N1N | S| NiN+1)(NiN|S|NiN-1)3}, (14) 


and other terms are zero. 

This procedure, actually, produces an inconsistency 
for |M| around J, but for large J such an effect is 
negligible. Thus simplifying (14) by assuming that V 
is large, we obtain 


S= (2N+1)7Q) (S=[(aa')*/3N?] 
+$[(bb’)?+ (cc’)?]+ {[2(aa’bb’—aa'cc’) /3N} 
— (2/3) bb'cc’+ (1/3) { (ab’+-a’b)*+ (ac’+a'c)? 
+2(ab’+<a’b) (ac’+a'c) } 
= (1/3) [{a(b’+c’) +a’(b+c) }? 
+ (6b’—ce’+aa'/N)*. (15) 


If one changes the sign of B, the sign of @ (or a’) will be 
changed but not those of b and c. One sees in (14), then, 
that the transition probability is the same for +B 
and —B. Since it is already shown that the energy 
does not depend on the sign of B either, there is no 
difference at all for positive and negative B in this 
theory. 
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TABLE III. Absorption frequencies and (5*)(N =9). 





+100 


+300 8 +500 +700 +700 +1100 





vap(kMc) 62 
(S Ce 330.26 
y, Cc 

(8. 40 
rik Me) 8 
Sox? ‘Ol 
(Sits (Sua?) + (Spe?) + (Sip? . .65 


81 100 

0. 
70 
0. 
10. 
0. 
0. 


120 
0.00 

90 
0.59 

30 
0.41 
0.00 


01 0 

0. 
62 0. 
8 0 
37 0 
03 0 





If we use the approximate result (12), we obtain 
(Say?)= (1/3) (2?-+y*) 
(Spy?) = (1/3) (2?++2y*) 
(Sag’)=0 
(S?)= (Saa”)+ (Sps*)+ (Sy?) =0 
One can see that a sum rule 


Li(Si#)=S(S+1) =2 


(16) 


is satisfied by the result (16). 

In Table II we took AM=0 transitions only, but due 
to the spectroscopic stability we do not have to calcu- 
late the other cases to obtain a quantity which is 
proportional to the transition probability. That is, the 
transition probability in general is proportional to 
formula (15) or (16). 


V. NUMERICAL RESULTS 


Since | W,—W_L | is about 1~4kMc for most popular 
rotational states (V=3~11), the approximation (12) 
is not bad if | B | is above 300 kMc or so. A typical case 
of N=9 is calculated without the above approximation. 
The result shown in Table III shows that above | B | 
of 300 kMc it indeed approaches the simple results (12). 

The main feature of the high-pressure situation (12) 
is that the absorption at 60 kMc stays essentially the 
sams as at low pressures, but the nonresonant (zero 
frequency) absorption changes into a low-frequency 
(~10 kMc) absorption. 

The situation, however, is very complicated because 
the value of F is different for different N states. As a 
result the transition to the high-pressure situation 
represented by (12) occurs at different B value for 
different N states. 

At a given pressure, that is, at the same B value, 
some states still have zero frequency absorption, while 
the other states have absorption at low frequencies 
instead of zero frequency. As a result the absorption 
in the low-frequency region is expected to be a smeared- 
out one which extends from zero to 20 or 30 kMc. 
Thus the absorption curve in the low-frequency region 
may be given by a Gaussian curve rather than by 
the Van Vleck-Weisskopf curve,? while the 60 kMc 
absorption may still be represented by the Van Vleck- 
Weisskopf curve. 


At very high pressure, the peak of the Gaussian 
curve for the low-frequency region is expected to leave 
zero frequency and move towards higher frequency, 
since, eventually, the transition to the high-pressure 
situation whould take place for all existing N states. 


VI. COMPARISON WITH EXPERIMENT 


Although the present theory is just a qualitative one, 
it is interesting to see how one can explain the experi- 
mental data given by Maryott and Birnbaum.! 

Suppose we assume that the 60 kMc resonance curve 
is given by the Van Vleck-Weisskopf theory with the 
half-width parameter 


Av=1.47p Mc/sec, in atmos. (17) 


as obtained by many people including Maryott and 
Birnbaum! at low pressure. Subtracting this assumed 
60 kMc contribution from the observed values of tan 
5/p at each pressure and frequency we obtain a con- 
tribution by zero and low-frequency resonance as shown 
in Table IV. In this table these values are normalized 
such that the corresponding total absorption coefficient 
by zero and low-frequency resonances is one. This can 
be easily done since we know the theoretical value for 
the integrated value of tan 6/p. Thus if we take a 
Gaussian curve for the absorption curve, the tabulated 
value here should be expressed as 


2 exp{ — (v—m)?/Anm?} 
v(1+(v/Av)  ’ 


where @ is the error integral. 

The last two columns give the parameters in the 
foregoing Gaussian function which reproduce the ob- 
served value with reasonable accuracy. It can be shown 
that the peak of the theoretical curve certainly starts 
with zero frequency and increases with pressure to 





(18) 


TaBLe IV. Contribution from zero and low-frequency resonance 
to tané/P (normalized). 





P (atmos) 9.07kMc 23.34kMc_ vw Avy (kMc) 





.2X107 .5X107 : 
10 


20 
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TABLE V. Matrix elements of V. 





NM|V|N+2 N+2M)=(-1)" B 





2(2N+3)} 


NM|V|N+2 N+1M)=(-1)¥" B 


3 [ N(W+3){(W41)*—M} { (W+2)?—M} | 
(2N-+1) (2N-F5) (W+1) (W+2) 


3M[(N+1)?—M?} 





(2N+3)((2N+1)N (N+1) (N+2) } 


N+1M|V|N+2 N+3M)=(-1)¥ B 





2(2N +3) (2N+5) 


N+1M|V|N+2 N+2M)=(—1)%" B 


N+3 


3 [ eae aii trae) 


3M([(N+2)?—M?}! 





N+1M|V|N+2 N+1M)=(-1)¥ B 


(2N+3)((N +1) (N+2) (N+3) (2N-+5) } 
3{3M?— (N+1) (N+2)} 





N-1M|V|N+2 N+1M)=(-1)¥ B 3 


(2N-+1) (2N+3) (2N+5)[(W+1) (V+2) } 





“2(2N-+1) (2N+3) 





[Sel 
N 





about 20 kMc. The corresponding half-width Av» also 
increases with pressure, but not in a proportional way. 
This, however, does not exclude the possibility that 
individual absorption lines, which are presumably of 
the Van Vieck-Weisskopf type, have a half-width pro- 
portional to the pressure. At 60 atmos or higher pres- 
sure the foregoing simple idea does not work. The cor- 
rection due to the transfer of part of the total intensity 
of the 60 kMc line into low-frequency resonance indi- 
cated in (12) is not enough to givea reasonable Gaussian 
curve. Probably at extremely high pressure the 60 
kMc resonance can not be expressed as a single Van 
Vleck-Weisskopf curve with Av=1.47p. This break- 
down of the theory is expected since the assumption 
of two-body collisions should be not valid at such high 
pressure. 

The mean free path of the oxygen molecule is about 
20 A at 40 atmos and about 15 A at 60 atmos. The 


nonsperical part of the dispersion force, on the other 
hand, is 


B (dispersion force) = —9ay E/r® (19) 
which gives —400 kMc for the parameter B at 7 A. 
Thus our interpretation is seen to be numerically 
reasonable; that is, the transition to the high-pressure 
situation occurs at around 40 atmos, and at 60 atmos, 
the Van Vleck-Weisskopf theory based on the two- 
body collision breaks down. 

The present interpretation is rather successful, but is 


completely different from the one suggested by Maryott 
and Birnbaum, who associated the high-pressure effect 
with a change of the 60 kMc resonance, assuming no 
change in the intensity of the zero frequency (non- 
resonant) absorption. 

Since we have data only at two frequencies, we can 
not tell which is better. Further experimental research 
should be done to test these theories. 


APPENDIX I. INTERACTION BETWEEN DIFFERENT 
ROTATIONAL STATES 


If the perturbation V becomes large, the interaction 
between different N states will become important too. 
It is very difficult to solve the problem of such interac- 
tions regorously since we now obtain an infinite 
matrix instead of the 3X3 matrix we discussed in the 
previous section. We therefore, treat the problem of 
interaction between rotational states as a perturbation. 

Since, in the ordinary oxygen molecule, we have only 
odd integers for the rotational quantum number, the 
only nonzero matrix elements are those tabulated in 
Table V, which are obtained in the same way as in 
obtaining (5). 

As in the previous section we make an approximation 
by taking the average over M in the matrix element 
rather than in the eigenvalue. If we do that, we find 
easily that all second-order contributions to the non- 
diagonal elements are exactly or approximately zero. 
The averaged contribution to the diagonal elements 
can be calculated from the results shown in Table VI. 


TABLE VI. Mean square of some matrix elements. 





((N1NM|V|N+2 N+2M)?)=(3/10) BLN (N+3)/(2N+1) (2N+3)] 


((N1NM| V |N+2 
((NIN+1M| V [N+2 
((NIN+1M| V |N+2 
((NIN+1M| V |N+2 
((NIN—1M| V |N+2 


1N+2M)?*) = (3/5) B*/[(2N+3)?] 


1N+1M)*)=(3/5)B*/[(2N +1) (2N+3) ] 
1N+3M)*) = (3/10) BL (N+1) (N+2) (2N+7)/(2N+3)3(2N +5) ] 


1N+1M)?)= (4/5) B*/[(2N +1) (2N-+5) (2N+3)*] 
1N+1M)?)= (3/10) BL(N +1) (N+2) /(2N+1) (2N+3)] 
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We notice in Table VI that if N>>1, three of the mean 
squares are much larger than the other three. 

The second-order perturbation due to the above 
matrix elements can be estimated in the following way. 

We make a simplification by assuming 


((N1NM|V|N+2 1N+2M)?) 
=((N1N+1M|V|N+2 1N+3M)?) 
=((NiN—-1M|V|N+2. 1N—1M)?*)= (3/40) B? 
and that all the other matrix elements are zero. This 
simplification is not bad if NV is very large as can be 


seen from Table VI. 


The second-order perturbation on each energy level 
is now 


(avady_et+byby_2)? 
Ea.w— Ea,n-2+28(2N —1) 
(avby_2— byay-s) ? 
© Ean Ey,n-2+28(2N —1) 
ae | (anvavy2t+byby+2) 5 
Ea.w42— Eawt+28(2N+3) 





Ea.w = (3B*/40) 








(dvbv42—bwan+2)” 
of = Eyy™ 
Ea,n42— Ea,wt+28(2N +3) 


Eg,n™ = (3B*/40) [Es,w— Ep.w-2+28(2N—1) } 
—[Es.ni2— Eg,w+28(2N+3) J. 


Where 8 is the rotation constant, and it is assumed 
that the energy difference between different NV states 
is given by the difference of the rotational energy. 
Ea etc. are eigenvalues obtained in Sec. III, by 
assuming W,=0 for each NV. 





The effect calculated in this way, however, turns 
out to have only negligible contribution to values 
given in Table ITI. 

It is worthwhile to note, however, that if the per- 
turbation becomes extremely large, the mixing of ro- 
tational states is expected to occur. In such cases the 
quenching of the angular momentum W appears, that 
is, molecules are not rotating any more, and the spin S 
is expected to have finite diagonal matrix elements 
again. 

APPENDIX Il. EFFECT OF THE C TERM OF EQ. (2) 


Since the ratio of B to C is expected to be about 1 to 
0.7 as indicated in Sec. II, the effect of this C term, 
which gives a part of the interaction between non- 
spherical parts of two molecules, may not be negligible. 

The calculation can be done by considering a system 
composed of two oxygen molecules. The simple product 
of two single molecule wave functions given in formula 
(12) can be easily seen to be an eigenfunction of this C 
term. The calculation of matrix elements can be done 
easily, and the results for large N is 


(6/5) C(ab/N) (a'b'/N’) 


if molecule 1 is in state Na or NB, and molecule 2 is in 
state N’a or N’B. The matrix element is zero if one of 
the molecules is in the y state. At very high pressure 
the product ab approaches its maximum of 3, so that if 
N=N’'=9, this term is C/272. 

It can be easily seen that this term will split v,, 
and vq, into doublets of frequencies vg, and »g,—C/272, 
and vay and vay+C/272, respectively. 

If we take C/B to be 0.7, C/272 is about 2.6 kMc at 
B=1000 kMc. It can be seen from Table ITI, that such 
an effect can be neglected for the order of magnitude 
calculation. 
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Potential Energy Curves of Hydrogen Fluoride* 
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Potential energy curves for the X 'Z*+ and V 'E+ states of HF and DF have been calculated by the Ryd- 
berg-Klein-Rees method. The results calculated from the different sets of data for HF and DF are found 
to be in very good agreement. The theoretical results of Karo are compared to the experimental results 


obtained here. 





INTRODUCTION 


UANTUM mechanical calculations on molecular 

systems are known to give reliable estimates of the 
total energy of such systems, but, in general, the values 
calculated for the binding energies of diatomic mole- 
cules are in poor agreement with experiment. The 
reason for this is that the error in the total energy, 
although small on a percentage basis, is often of the 
same order of magnitude as the binding energy. In 
relatively simple cases, such as He, the problem can be 
handled by brute force methods.' For more complicated 
systems containing a large number of electrons, such 
techniques are as yet out of the question. It would seem 
that approximation schemes are the most desirable 
at the present time if one wants to be able to calculate 
accurate potential energy curves for diatomic mole- 
cules. 

In order to test the reliability of such approximation 
schemes, it is well to have reliable potential energy 
curves for diatomic systems against which the various 
schemes can be tested. Since a relatively large amount 
of effort has been expanded by theoreticians on the 
hydrogen fluoride molecule,?-* it was felt that it would 
be worthwhile to have an accurate potential curve for 
this system. 

Recently, Johns and Barrow® have obtained some 
excellent spectroscopic data on HF and DF, and these, 
together with older data,” have enabled us to obtain 
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experimental potential energy curves for the X! t+ 
and V! + states of these molecules over a range of 
internuclear distance. The actual curves were calculated 
by the Rydberg-Klein-Rees (RKR) method.*-* 

The experimental curve for the X! 2+ state was com- 
pared with a Morse curve and with one obtained 
theoretically by Karo.” 


RYDBERG-KLEIN-REES METHOD AND 
SPECTROSCOPIC DATA 


The RKR method is a semiclassical procedure for 
obtaining the potential energy curves for diatomic 
molecules. The curves obtained with this method are 
based directly on the measured vibrational and rota- 
tional energy levels of the molecule and do not depend 
on the assumption of any empirical potential form. The 
method has been adequately described in recent 
articles so that we shall omit the details of the 
procedure. It suffices to say that the method is quite 
rapid and appears to give reliable results. 

The spectroscopic data for the X! 2+ states of HF 
and DF do not include all the vibrational levels from 
the lowest to the highest. Johns and Barrow’ have 
obtained data for the higher levels, whereas Nielsen 
and co-workers,” ! and Naudé and Verleger"™ have 
obtained data on the lower. Johns and Barrow® have 
carried out what appears to be a reliable interpolation 
between the upper and the lower levels so that the inter- 
mediate levels could be inferred from the standard 
spectroscopic formulas. We have used the observed 
data plus results obtained by the interpolation method 
to calculate experimental curves for the X! Z* state 
of both systems. 


RESULTS AND DISCUSSION 


The results for the X! 2+ and V! E+ states of HF and 
DF are listed in Tables I to IV and are shown as solid 
lines in Fig. 1. The corresponding curves for the two 
systems do not differ by more than +0.001 A. This 
indicates that the different sets of data and the inter- 


13 R. Rydberg, Z. Physik 73, 376 (1931); 80, 514 (1933). 

4Q. Klein, Z. Physik 76, 226 (1932). 

% A. L. G. Rees, Proc. Phys. Soc. (London) 59, 998 (1947). 
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POTENTIAL ENERGY CURVES OF HYDROGEN FLUORIDE 


TaBLE I. Potential energy of the X 'Z*+ state of HF.* 
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TaBLe IV. Potential energy of the V 'Z* state of DF. 





e 


V (cm) min (A) 


V (cm) =V(ev) T.+V(ev) rmax(A)  min(A) 





2 047 

6 008 

9 798 
13 419 
16 878 
(20 193) 
(23 351) 
(26 350) 
(29 191) 
(31 875) 
34 335 
36 705 
38 921 
40 973 
42 850 
44 543 
46 031 
47 292 
48 294 
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® Numbers in parentheses are interpolated values. 


TABLE IT. Potential energy of the X 'Z* state of DF.* 





V (cm™) V (ev) Tmax (A) min (A) 





1 488 
4 395 
7 211 
(9 947) 
(12 600) 
(15 169) 
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® Numbers in parentheses are interpolated values. 


TaBLE III. Potential energy of the V '=* state of HF. 





V (cm) V (ev) ~T.4+V(ev)* rmax(A) min (A) 





0.0713 
0.2106 
0.3456 
0.4764 
0.6035 
0.7266 


10.5813 
10.7206 
10.8556 
10.9864 
11.1135 
11.2366 


2.275 
2.426 
2.540 
2.641 
2.733 
2.822 


1.924 
1.811 
1.735 
1.675 
1.625 
1.580 





® T, is the energy difference between the bottom of the potential curve in 
question and the bottom of the curve for the X 'Z+ state. The value of T, 
used is 10.5100 ev. The value appears to be uncertain to +0.005 ev. 


417.4 
1239 
2042 
2828 


0.0517 
0.1536 
0.2532 
0.3506 


10.5617 
10.6636 
10.7632 
10. 8606 


2.244 
2.369 
2.462 
2.542 





polations are consistent and also that the RKR method 
is capable of this precision. 

The heavy dashed line in Fig. 1 represents a Morse 
curve with constants derived from the spectroscopic 
data. The agreement with the experimental curve is 
surprisingly good in view of the fact that the Morse 
curve is often a rather poor representation of the actual 
curves for the cases where it has been compared with 
the experimental curves."® 

The light dashed line in Fig. 1 is the curve obtained by 
Karo for the X! 2+ state using an LCAO—MO method 
which included a large amount of configuration interac- 
tion. Although the calculaiions of Karo are quite 
extensive, it can not be said that the results are in too 
good agreement with the actual experimental curve. 
Karo, of course, was aware of this in his original work.’ 

In view of the difficulties inherent in an ab initio 
calculation on many-electron systems, various approxi- 
mation schemes have been suggested in the past” 


PNagiiaihig dott 


v's* 





~ocor? 
--7 


-- 











Fic. 1. Potential energy curves for HF and DF. The solid lines 
are curves derived directly from the spectroscopic data by the 
RKR method. The heavy dashed line represents a Morse curve 
and the light dashed line corresponds to the potential curve ob- 
tained theoretically by Karo. 


Eyring, Walter, and Kimball, Quantum Chemistry (John 
Wiley & Sons, Inc., New York, 1944). 
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for the calculation of interaction energies and un- 
doubtedly others will be put forward in the future.” 
With a knowledge of the experimental curves for 


18H. Preuss, Technical Note No. 24 from the Quantum Chem- 
ae Group, Uppsala University, Uppsala, Sweden, April 20, 


FALLON, VANDERSLICE, AND MASON 


hydrogen fluoride, as well as for other systems,"-'* it 

is now possible to check the adequacy of approximation 

schemes which may be proposed. 
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Ion-molecule reactions of low energy (0-0.15 ev) CHN* and CH;N?* are shown conclusively to follow a 
hydrogen atom abstraction mechanism of the type, XH++-YH—XH,.*+-Y. These reactions are presumably 
bimolecular being first order with respect to each reactant over the pressure range 10-7—10-* mm Hg. The 
rates of these reactions are markedly influenced by the molecular structure of both the cyanide ion and the 
hydrogen donor (YH). Ion-molecule reactions of this type are similar to the hydrogen atom abstraction 
processes of free radicals, but differ in having no appreciable temperature coefficients (in the range of 100- 
215°C), and in having much larger rate constants. On the basis of this study, chemical species having un- 
paired electrons whether charged (ion-radicals) or uncharged (free radicals) are shown to undergo similar 
types of reactions. Possible implications of these observations to the field of radiation chemistry are dis- 


cussed. 





INTRODUCTION 


N the field of radiation chemistry, the reactions of 
ions, radicals, and excited molecules, have been used 

to explain the many chemical effects of radiation.’ 
It is the purpose of this study to focus attention on some 
of the similarities and interrelationships between ions 
and free radicals. Our investigation was prompted by 
noting the simple fact that many positive ion-molecules 
in addition to their electric charge possess an unpaired 
electron and are thereby formally analogous to free 
radicals. (Hence, the term “‘ion-radical” is used in this 
paper to refer to any ion having an unpaired electron.) 
One of the most characteristic chemical properties of 
free radicals is their tendency to undergo atom abstrac- 
tion reactions, the simplest and most common type 
being hydrogen atom abstraction. We undertook to 
investigate whether ion-radicals would show an ana- 
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logous chemical behavior so as to emphasize that the 
chemistry of ion-radicals can be better understood by 
recognizing both their charge and free radical charac- 
teristics. , 

Mnay ion-radical reactions are reported which in- 
volve possible hydrogen atom abstraction.** However, 
the results are complicated to interpret because there 
are at least four conceivable mechanisms involving 
singly charged ions which would explain the transfer 
of a hydrogen nucleus, namely, 

(A) hydrogen atom transfer to ion (ion-radical abstrac- 
tion), 


XH++ YH-—XH,*-+Y, 

(B) proton transfer, 
XH+t+ YH—X-+ YH,+ 

(C) hydride-ion transfer,® 

XH++YH-XH;+ Yt, 
and (D) hydrogen atom transfer to neutral 

XH*+ YH-X*-+ YH, 
(ost » 503 1989) J. Am. Chem. Soc. 79, 6132 


7D. P. Stevenson, J. Phys. Chem. 61, 1453 (1957). 
8V. L. Tal’roze and A. K. Lyubimova, Doklady Akad. Nauk. 
S.S.S.R. 86, 909 (1952). 
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where X and Y represent any chemical group attached 
to a hydrogen nucleus. Mechanisms A and B form a set 
on the basis of their product ions which show a mass 
increase relative to their reactant precursor. Similarly, 
mechanisms C and D form another set where the pro- 
duct ions display a mass decrease. Hence, the two sets 
are easy to differentiate from each other, but it is not 
possible with present experimental techniques to 
distinguish between either A or B and between either 
C or D when any of the following limiting conditions 
interfere: 

1. If XH=YH, as in studies of one component sys- 
tems, mechanisms A and B or C and D are inherently 
indistinguishable because of charge transfer and pos- 
sible rearrangement in the collision complex. 

2. If the ionization potentials of XH and YH are 
nearly equal (within 1 ev), multiple ionic processes 
involving XH+, YH* and perhaps other ions can take 
place concurrently to obscure the results. This condi- 
tion cannot be circumvented by isotopic labeling with 
deuterium. 

3. If neutral impurities from either contaminated 
reagents or subsequent spontaneous chemical reactions 
give rise to interfering ions. 

In view of these three limiting conditions, we searched 
for a suitable chemical system which might allow a 
more definitive interpretation to be made between the 
hydrogen atom and proton transfer mechanisms A and 
B in order to test our hypothesis that ion-radicals should 
display similar reactions to those already well estab- 
lished for free radicals. The type of system finally chosen 
consisted of a binary mixture of an alkyl cyanide and 
some simple hydrogen donor (YH) like De, He, or 
CH. The use of such mixtures eliminated the problem 
of indistinguishability between mechanism A and B 
discussed under limiting condition 1. Alkyl cyanides 
were selected to furnish the ion-radicals for the follow- 
ing reasons: (a) The cyanide functional group is highly 
unsaturated and its alkyl ion-radical (XH*+) should 
be particularly susceptible to accept a hydrogen atom 
whereas the neutral cyanide (XH) might accept a 
proton so that the relative probabilities of mechanisms 
A and B could be estimated. (b) The ionization poten- 
tials of alkyl cyanides are significantly lower than 
the simple hydrogen donors used. This minimizes the 
uncertainty due to competing ionic reactions posed by 
limiting condition 2. (c) The cyanide and hydrogen 
donor mixtures studied did not appear to undergo 
spontaneous chemical reactions in the absence of the 
electron beam. This reduced the number of possible 
interferences mentioned under limiting condition 3. 
(d) Various alkyl cyanides are readily available to test 
the effect of structure on the reactivity of different 
ion-radicals. 

Under these favorable experimental conditions it was 
possible to examine specific hydrogen transfer pro- 
cesses of cyanide ion-radicals to interpret their mech- 
anism, to measure their relative and absolute rate 


701 


constants, and to determine the influences of tempera- 
ture, pressure, and molecular structure on the rate of 
reaction. 


EXPERIMENTAL 


A pparatus.—Our results were obtained with the 6-in. 
radius, 60°-sector research mass spectrometer and 
procedures described elsewhere." The energy and 
intensity of the electrons from the thoria-iridium fila- 
ment! were electronically controlled” in the energy 
range of 9-135 ev and at 0.5 wa trap current. The 
temperature in the ionization chamber was controlled 
at either 100° or 215° to +1°. Pressures in the ioniza- 
tion chamber were measured by the technique previ- 
ously developed" and are accurate to +20%. 

Reagenis——The hydrogen (Matheson, prepurified), 
deuterium (Stuart Oxygen Company), methane 
(Matheson, cp), methyl cyanide (Eastman, spectro 
grade) and monochloromethy] cyanide (Eastman, white 
label) were used in this study without further purifica- 
tion. The hydrogen cyanide was synthesized by Dr. 
P. S. Rudolph of this Laboratory and had a minimum 
purity of 99% as determined by the mass spectrometer. 
The ethyl and allyl cyanides (each Eastman practical 
grade) were studied to obtain only semiquantitative 
data and their purity was not carefully assessed. How- 
ever, the mass spectrum of all the chemicals cited was 
examined at the highest pressure used to preclude 
errors in interpretation from possible interfering 
impurities. 

Methods.—The reactants presumed to take part in 
ion-molecule reactions as studied in a mass spectrom- 
eter are determined by three general experimental 
techniques: 

1. The appearance potential method,® in which the 
intensity of postulated reactant ions (Ig) is compared 
to the intensity of the product ion (Zp) as a function of 
the electron energy, () to establish the relationship, 


In=Kilp. 


2. The mixture method,” in which J, and Ip are 
compared when special mixtures are employed to in- 
crease the relative concentration of either J, or the 
reactant neutrals (C,) at constant E to test the rela- 
tionship 


Ip= Kulp. 


3. The pressure method,? in which Jp and Ip are 
compared at constant £ when C, is varied at pressures 
greater than 0.01 mm Hg to examine the relationship, 


IngtIep=K3C,. 
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Fic. 1. Relative abundance of C;H;DN* vs the Dz pressure. 


Methods 1 and 2 were employed to establish the 
cyanide ion-radical reactions reported in this investi- 
gation. Proton transfer via mechanism B from possible 
proton donor ions (D;+, CH,*+, Hj+) to the cyanide 
neutrals was precluded by suitably adjusting the elec- 
tron energy to produce only the cyanide parent ion. 

The average kinetic energy of the reactant ions was 
estimated from the potential applied to the ion repeller 
and contact potentials to be about 0.15 ev. The effect 
of the fringing field from the drawout potential is con- 
- sidered to be negligibly small because of the narrow 
exit slit of the ionization chamber.' 


RESULTS 


Evidence for deuterium atom abstraction by C.H;N+ 
ion-radicals is presented graphically in Fig. 1. (The 
empirical formula notation is used for ions in this work.) 
These data were obtained by using a binary mixture of 
CH;CN and D,. The temperature in the ionization 
chamber was controlled at 100°, and the C_H;N* ion- 
radicals were produced by electrons having an indicated 
energy of 14.5 ev. Under these conditions C:H;N* 
was the only (99.9%) primary ion detected because 
D,*+ and possible degradation ions, such as C,H,N*, 
have significantly higher ionization potentials.'*:” 
The absence of ions above mass 43 indicates that pos- 
sible competing reactions of excited neutrals formed in 
the electron beam or at the wall are most unlikely. 
Thus, all the major limiting conditions are overcome 
and the product ion (CxH;DN+) appears to be gen- 
erated unequivocally by the atom abstraction reaction, 


ky 
C:H;N+t+ D.—~>C.H;DNt++D (1) 


in accord with mechanism A. That the C,H;DN* ion 
is formed by a bimolecular reaction is shown by the 
linear pressure dependence of the C,H;DN+/C;H;N+ 
ratio. Further evidence in support of reaction (1) was 
obtained by the appearance potential studies which are 


16 J. A. Hipple, Phys. Rev. 71, 594 (1947). 

16 G. Herzberg, Spectra of Diatomic Molecules (Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950). 

17 C, A. McDowell and J. W. Warren, Trans. Faraday Soc. 48, 
1084 (1952). 
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presented in Fig. 2 where the energy scale is given in 
arbitrary units uncorrected for contact potential and 
other sources of systematic error. The virtually identical 
values for the appearance potentials of C,H;N* and 
C:H;DN* conclusively show the parent ion-radical 
is the precursor for CzH;DN*. Furthermore, the fact 
that the slope of the C,H;DN* intensity curve does 
not change abruptly with the rapid increase in the D.* 
intensity is strong evidence that the conceivable proton 
transfer reaction, CH;CN+D.+-—C:H;DNt+D, is 
not an efficient process. 
The additional ion-radical reactions, 


kg 
C2H;N*+ H:—>C:H.Nt+H (2) 


ks 
C.H;N++CH,—>C:H,Nt++-CH; (3) 


k 
CHN++D,—»CHDNt+D, (4) 


were confirmed by studies analogous to that described 
for reaction (1) using either C,H;N+ or CHN* as the 
parent ion-radical together with a large excess of one of 
the neutral hydrogen atom donors D2, He, or CHy. 
These reactions, like (1), are unequivocal examples of 
the atom abstraction mechanism and demonstrate that 
the process is not limited to a single hydrogen donor. 
They are also convincing proof that proton transfer 
is an improbable process for these systems. 

Specific rate constants for these reactions, calculated 
with the usual approximations,*” are summarized in 
Table I together with rate constants for the well-known 
ion-radical reaction, CH,+-+-CH,->CH;+ +(CHs, which 
were measured to calibrate our method and apparatus 
(because of limiting conditions 1 and 2 the mechanism 
of this reference reaction is not implied or known). 
None of these reactions shows a discernable temperature 
dependence over the range 100-215°C; hence, they 
evidently have no appreciable activation energies. The 
ratio, ke/ki(mass D./mass He)*, which suggests the 
difference in these two rate constants is simply at- 
tributable to an isotope effect affecting their relative 
collision numbers. The fact that k3>:, shows that the 
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Fic. 2. Appearance potential study of the CH;CN—D, mixture. 
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chemical nature of the hydrogen donor can influence 
the rate of reaction. Similarly, since &,> A, the structure 
of the cyanide ion-radical plays an important role in 
the efficiency of the atom abstraction process. 

This structural effect of the cyanide ion-radical was 
further tested in using binary mixtures of CH,CICN, 
CH:CHCN, or CH;CH:2CN with Dz. To our surprise, 
the parent ions of each of these cyanides failed (within 
our limits of detection) to abstract from D,. Therefore, 
HCN and CH;CN are quite unique in being the only 
cyanides investigated whose parent ion-radicals show a 
tendency for hydrogen atom abstraction from Dp. 
This result is more significant when contrasted with 
the observation that the parent ion-radicals of all the 
cyanides mentioned, without exception, will undergo 
hydrogen self-abstraction reactions in the pressure 
range 10-’—10-* mm Hg of the type, 


RHCN+t+RHCN—RH,CN+*-+ (RCN) 


where (RCN) may represent several uncharged species. 

The self-abstraction reaction for the CH;CN system 
was carefully studied with 14.5 ev electrons and found 
to be a bimolecular process with a k=3.;X10- cc 
molecule sec~!. The C:H,N+/C:H;N+ ratio was di- 
rectly proportional to the CH;CN pressure and the 
absence of detectable ion masses greater than 42 pre- 
cludes the possibility of degration products from pos- 
sible intermediate ions? (such as CsHeNt+) to form 
the product ion C,H,N+. Compared to the CH;CN 
reaction, the relative rates of self-abstraction for the 
cyanides HCN, CH;CICN, CH,CHCN, and CH;CH,;CN 
are about 1, 0.04, 1, and 4, respectively. The interpreta- 
tion of the chloromethyl] cyanide self-abstraction pro- 
cess is complicated because of competing primary 
reactions to give a variety of product ions of higher 
mass, including some containing two chlorine atoms. 
The ethyl cyanide rate constant is uncertain because a 
second primary ion C;H,N*, which may influence the 
C;HsNt+/C;H,N? ratio, is formed in greater abundance 
than the parent ion-radical C;H;N*. 

The fact that all of the cyanides investigated self- 
abstract, whereas only two of them undergo hydrogen 
atom abstraction from different hydrogen donors, 
suggests that there might be a different mechanism 
for self-abstraction, possibly proton transfer. Un- 
fortunately, any discussion of detailed hydrogen trans- 
fer mechanisms for self-abstraction processes is sheer 
speculation because of limiting conditions 1 and 2. 


DISCUSSION 


We believe the results obtained in this investigation 
combined with other findings in this Laboratory ade- 
quately support our general contention that there are 
marked similarities and interrelationships between the 
behavior of certain ion-molecules and free radicals. 
At the outset, it is evident that all gaseous ions, like 
radicals, are in unusual valence states and must react 
to form more stable products. This has been confirmed 
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Taste I. Hydrogen atom abstraction reactions by cyanide 
ion- 





Electron Say kX10 


Reaction (indicated ev) (cc molecule sec“) 





(1) C;H3Nt+D.—> 
C:H;DN++D 
(2) C;H3N++H:— 
C.H,Nt+H 
(3) C;H:3N*++CH,— 
+-+CH3; 
(4) CHN++D.— 
CHDN*t+D 


Reference Reaction: 
CH,*-+CH,~CHs*+CHs 


14.5 0.3 
13.8 0.57 
12.5 1.7 
14.5 2.0 


14.7 
100 


1.3 
1.3 





* Comparative values for Kg were obtained using the following relationship: 
CU. p/' Tr)z 
K.=Kcai———— 
oe CBT /TRCHS 


where the subscripts, and CH, refer to the ion-radical abstraction and the 
reference reaction, respectively, with the ion current ratios taken under identi- 
cal conditions. 


in recent work?!°'8 where all the observed primary 
ions were depleted in proportion to the enhancement of 
secondary and tertiary ions. Before discussing other 
similarities between ions and radicals, we feel that it is 
helpful to classify each chemical species, ion or free 
radical, as either “odd” or “even” according to their 
number of electrons. It then follows that any odd 
species obviously has an unpaired electron and is a 
radical, whereas most even species are presumed to 
have their electrons paired. However, the possibility 
that even species have unpaired electrons and hence are 
di-radicals must not be overlooked. Applying these 
terms we can discuss more easily three general positive 
ion-radical reactions similar to general processes known 
for free radicals. These processes have been verified in 
the mass spectrometric work cited in this paper; they 
are: 


I. Ion-Radical Displacement: 
e.g., XM*++YN ~XMNt+Y 
od 


d; even; even, odd, 


II. Ion-Radical Addition: 
e.g., XM++YN ~XMYN+ 


odd, even) odd, 


III. Ion-Radical Decomposition: 
e.g., XYt—->Xt-+Y, 


odd, even, odd, 


where the subscripts 1 and 2 refer to primary and 
secondary species, respectively. 

Process I has been extensively studied ‘and includes 
the atom abstraction reactions reported in this paper 


18 P, S. Rudolph and C. E. Melton, J. Chem. Phys. (submitted 
for publication). 
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as a special case. This process is perhaps the most strik- 
ing example of both the similarities and interdependence 
of ions and free radicals in that the ion-radical is always 
the precursor for a free radical. Bimolecular rate con- 
stants for this process are of the order of 10~* cc mole- 
cule sec! compered with the usual values of 10-” 
to 10-“ for similar free radical displacements which 
have appreciable activation energies and smaller steric 
factors. This analysis of the rate constants shows that 
ions undergo displacements from 10* to 10° times faster 
than free radicals; consequently, it would appear that 
ions play the dominant role in radiolytic reactions. 
However, the following factors must be carefully as- 
sessed before drawing any such conclusion: (1) the 
relative initial concentrations of radicals and ions 
formed in the energizing process, and (2) the subse- 
quent forward and reverse reactions of secondary ions 
and radicals, including reactions of positive ions with 
radicals, electrons, or negative ions. Usually, little or 
nothing is known about either of these factors. 

Process II has been shown to be very important in 
radiation polymerization reactions?-"” and is very prob- 
able for both even and odd secondary ions. It is unique 
in perpetuating ion-radicals in the system and is 
analogous to the basic process in free radical polymeri- 
zations. The rate constants which are reported for ionic 
reactions of this type are about 10? to 10° times greater 
than methyl radical additions to olefins.” 


189A. F. Trotman-Dickenson, Gas Kinetics (Academic Press, 
Inc., New York, 1955). 
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Process III is involved in rearrangement-decomposi- 
tion reactions”! and in the formation of many meta- 
stable ions observed in mass spectra. Ionic reactions of 
this type generate free radicals, ion-radicals or both. 
Hence, this process is another example of the direct 
connections between ions and radicals. Rate data for 
both the ionic and free radical processes of this type 
are not available for comparative purposes. 

We have shown in this discussion that ions, particu- 
larly the ion-radicals, are both chemically similar to 
and directly inter-related to free radicals; ion-radicals 
undergo analogous general reaction types known for 
free radicals, some of which, actually generate free radi- 
cals as products. Therefore, it seems unreasonable to 
interpret chemical effects in radiation chemistry with- 
out considering both the similarities and interrelation- 
ships of ions and radicals. The mass spectrometer is the 
most definitive tool for the study of ionic reactions, 
but we believe that further correlations with free radi- 
cal data will be increasingly important in achieving 
an understanding of these reactions. 
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A new method of determining the thermal conductivity of condensed films at low temperature has been 
developed. It is based on determining the surface temperature of a film of known area and thickness by 
measuring its equilibrium vapor pressure. The thermal conductivity (K) of the film is calculated by meas- 
uring the increase in surface temperature as the film thickness is increased when a known heat flux is flowing 
across the film. For methane at 85°K, K =3.5X10-? w/cm°K. 





I. INTRODUCTION 


N condensing reactive species from the gas phase onto 
a surface cooled by a boiling refrigerant (liquid 
nitrogen, hydrogen, or helium), the surface tempera- 
ture of the condensed film depends on the rate of deposi- 
tion, the thickness of the film, and the thermal conduc- 
tivity of the condensed film. The thermal conductivity 
of a film condensed from the vapor phase may differ 
from that obtained by solidification from a melt as a 
result of either a different crystal lattice or a less com- 
pact crystal. Because of this possible variation in the 
physical structure of the film and since thermal con- 
ductivities were not known within a factor of 10 or 
more, the experimental method was designed with the 
hope of obtaining an accuracy of +10%. 

The method used to measure thermal conductivity 
in these experiments was to determine the surface 
temperature of the film from the equilibrium vapor 
pressure of the condensed gas. The temperature differ- 
ence across an increment of the film thickness was deter- 
mined by observing the increase in surface tempera- 
ture as the film thickness was increased with a known 
heat flux across the film. The heat flow was measured 
electrically and the film thickness was calculated from 
the known weight of gas condensed on the known sur- 
face area of the conductivity cell. 


Il. APPARATUS 


The present apparatus is the result of the improve- 
ment of three earlier models based on the same prin- 
ciple. The first cell consisted of a single wire centrally 
located inside a Pyrex tube immersed in liquid nitrogen; 
a cold cathode pressure gauge was used to determine 
surface temperatures of Freon and ethane. The conduc- 
tivity of the gas at P=10-* mm of Hg was so low that 
the temperature of the wire had to be increased above 
the cracking point of the gas before a measurable 
pressure increase could be observed with this apparatus. 
Analysis of the problem showed that the gas must have 
a pressure above 0.1 mm, the surface area of the heater 
should be a maximum, and the distance between the 

* This research was performed under the National Bureau of 
Standards Free Radicals Research Program, supported by the 
Department of the Army. 
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heater and the cold surface should be as short as possible 
and yet allow significant pressure measurements. The 
present appratus is shown in Fig. 1. 


A. Heater 


The heater ia a 100-watt cylindrical cartridge heater 
% in. by 6 in. machine-fitted into a }-in. thick copper 
sheath. The copper sheath is gold-plated (to minimize 
radiation) and silver soldered to"a copper-Pyrex seal. 
The electrical leads are brought out through tungsten 
seals and the inside, after having been evacuated, is 
sealed off with helium to improve heat transfer from the 
cartridge to the sheath. A copper-constantan thermo- 
couple is soldered to the copper jacket and read by 












































Fic. 1. Thermal conductivity apparatus. 
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TABLE I. 





Methane 
Volume 
liters 
(STP) 


Film 
thickness 
cm 


Heat applied 


Temp. 
watts °K 





0.0144 
0.0144 
0.0144 
0.0144 
0.0144 
0.0144 
0.0144 


0.0249 
0.0249 
0.0249 
0.0249 


.=) 


82.07 
81.40 
81.42 
81.45 
80.95 
80.45 
78.55 


84.61 
84.00 
83.27 
82.30 
81.49 


86.79 
85.58 
84.32 
81.77 
81.66 


88.80 
88.71 
87.30 
83.96 
82.20 
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means of a microvolt recorder. Part of the thermal 
emf was balanced with an auxiliary potentiometer. 
The heater input (ac) was measured by a voltmeter and 
milliameter and controlled by a variable transformer. 


B. Thermal Conductivity Cell 


The film was condensed on the inside of a thin-walled 
Pyrex tube (3.2 cm i.d.) immersed in liquid nitrogen. A 
section of the tube 15.2 cm long was exposed directly 
to the refrigerant and was terminated top and bottom 
by vacuum jackets. The top of this Pyrex tube con- 
nected to a vacuum system which contained equipment 


for metering in the gases and for measuring the vapor 
pressure. 


C. Pressure Measurements 


The high vacuum measurements were made with a 
cold cathode gauge and a Pirani gauge. The equilibrium 
vapor pressures of the gas films were measured with a 
mercury or oil manometer and a tilting McLeod gauge. 


D. Procedure 


A known amount of gas was condensed uniformly 
onto the wall of the thermal conductivity cell by syn- 
chronizing the rate of raising the liquid nitrogen level 
with the leak rate of the gas admitted for condensation. 
The liquid nitrogen was raised continuously by means 
of the variable jack and the leak rate was followed by 
observing the decrease in the gas sample pressure as it 
was metered into the cell. The heater was then turned on 
and adjusted until the heater temperature and the gas 


pressure reached constant values. Other steady states 
were obtained at different heat inputs. Additional 
determinations were made using increased quantities 
of condensed gas, thus giving increased film thicknesses. 


III. EXPERIMENTAL RESULTS 


A. Methane 


The methane used was specially purified and had a 
purity of 99.8%. However, in addition it was condensed 
at liquid nitrogen temperature and sublimed until the 
vapor pressure was equal to that given in the NBS 
tables.' The experimental results with methane are 
summarized in Table I and Fig. 2. 

Figure 2 shows that the increase in surface tempera- 
ture for a given thickness of film is proportional to the 
heat applied. It is also seen that for a given heat input 
the temperature increases with increasing film thick- 
ness. To get an approximate value of the thermal con- 
ductivity, the temperatures for the different film thick- 
nesses at 30 watts heat input are summarized in Table 
II. 

From Table II it is seen that there appears to be a 
greater thermal gradient between 1.5 and 2.5 liters of 
gaseous methane (STP) than there is between 4.5 and 
7.5 liters methane. This results from the unevenness of 
the film in the 1.5 liter deposit because of imperfections 
in the glass cell wall. The most reliable gradient to be 
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Fic. 2. Plot of the data used to determine the thermal con- 
ductivity of methane. 


1 Selected Values of Properties of Hydrocarbons, National Bureau 
of Standards Circ. No. C461. 





THERMAL CONDUCTIVITY OF CONDENSED FILMS 


TABLE II. Heat flow at 30 watts. 





Methane layer 


Volume Film 
liters thickness 
(STP) cm 


Temp. 
difference 
per cm of 
CH, film 


Temp. 
heat flux difference 





0.0144 
0.0249 
0.0448 
0.0746 


0.90 86 
1.10 55.3 
1.67 56.0 


1.5 
2.5 
4.5 
7.5 











used for the thermal conductivity calculation is that 
between the 2.5 and 7.5 liters methane, namely, 55.7° 
per cm of methane in the film. The area of the cell is 
153 cm*. Thus, using the equation 


heat applied (watts) =KAAT/t 


where K=thermal conductivity (w/cm°K), A=cell 
area (cm?), A7=temp. difference for incremental film 
of thickness ¢, = incremental film thickness (cm), then 
K=3.5X10-* w/cm°K at 85°K. 

This equation is valid if the heat flux is the same in 
both steady states. Moreover, in evaluating AT, it is 
necessary to take into account any difference of temper- 
ature of the refrigerant surrounding the cell during the 
two steady states. 

It is difficult to determine the error with any degree 
of certainty, but the precision is estimated to be about 
20%. There may be an absolute error of the order of 


5% resulting from incomplete transfer of the heat to the 
film. 


B. Krypton 


Work with krypton has given K=2X107 w/cm°K, 
but as a result of the lower vapor pressure of the gas 
the results are less accurate. 


C. Carbon Dioxide 


Considerable work was done using CO, with a layer 
of methane on top as a thermometric material. In- 
creasing the amount of CO, from 100 ml to 4.6 liters 


707 


and finally to 11.0 liters gave results which could not 
be explained in terms of a thermal conductivity coeffi- 
cient. Whether this was because the thermal conductiv- 
ity was too high for the apparatus to measure or be- 
cause the film of CO: allowed methane to penetrate to 
the cold surface was not determined. The film appeared 
dense and it is believed that the conductivity of CO, 
is much higher than that of methane. 


IV. DISCUSSION OF RESULTS 


Gerritsen and van der Star? measured the thermal 
conductivity of methane using a solid section of CH, 
and found the value to be 1.2 X10-* w/cm°K at 20°K. 
The present value of 3.5<X10-* w/cm°K at 84°K is in 
reasonable agreement since one would expect the con- 
ductivity of a hydrocarbon to increase with tempera- 
ture. The fact that the data obtained using the thermal 
conductivity cell yielded an approximately linear plot 
of temperature vs heat flux and thickness of the film 
indicates that the basic laws of thermal conduction 
are obeyed. 

The results indicate that the thermal conductivity of 
condensed krypton is less than that of methane, al- 
though they have the same molecular volumes (39 ml) 
and the density of the condensed krypton is five times 
that of methane. Perhaps there is less interaction be- 
tween molecules in a perfect gas crystal. 

The apparently high thermal conductivity of CO, 
probably results from more polar bonding in the CO, 
lattice and its lower molecular volume (27 ml). 

Further work must be done to establish the usefulness 
of using a film of gas such as methane or krypton on a 
substrate solid as a thermometric material for deter- 


mining the surface temperature and thus the thermal 
conductivity. 
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Estimates have been made of the electron affinities of the following elements: He(~+-0.), Li(0.5), Be(~ 
+0.), B(0.3), N(0.2), Ne(~+0.), Na(0.7), Mg(~+0.), Al(0.4), Si(1.9), P(0.8) ev. The known electron 
affinities of the other elements of the first two groups of the periodic table form the basis of the graphical 
method. It involves the variation of screening constants derived from the ionization potentials of isoelec- 


tronic sequences. 





WO groups of investigators!” have lately been con- 
cerned with the problem of electron affinity (EA). 
An earlier quadratic extrapolation method* has now 
been refined by graphic means and yields the results 
shown in Figs. 1 and 2 and in Table I. It is assumed that 
the zeroth ionization potential of an atom (i.e., its 
electron affinity, EA) will vary with atomic number (Z) 
though not quite in the manner of the first and second 
ionization potentials (Fig. 2). The various ionization 
potentials of the m-electron systems are assumed to be 
given by the relation 
Izn=13.6(Z—Szn)’, (1) 


where s is an arbitrary screening constant. Negative 


TABLE I. Estimated electron affinities (ev). 








Negative Ion Exptl G,Me J,R® GG.i ASi 





0.715 ; 0.73 

He- i ee aivks ae by 
fee +0. 

0.3 


—0.016 
0.370 
0.374 
0.219 
0.240 
0.256 
0.130 
0.195 
0.257 
0.358 
0.475 
0.337 
0.405 
0.475 
0.365 
0.412 
0.453 


~0.12 
‘co a 
1.13% 
1.48° 
3.628 


0.2 


4 2.07¢ 
1So 3.82! 








* E. A. Hylleraas, Z. Physik 65, 209 (1930). 

> Reference 5, 10. 

© Reference 11. 

4 Reference 12-14. 

© L. M. Branscomb and S. J. Smith, J. Chem. Phys. 25, 598 (1956). 
fH. O. Pritchard, Chem. Revs. 52, 529 (1953). 

© Reference t. 

» Reference 2. 

i Present work. 

iG. Glockler, Phys. Rev. 41, 685 (1932). 


* This research is supported by the Office of Ordnance Research, 
U. S. Army under Contract No. DA-31-124-ORD-10-+4. 
1 A. P. Ginsberg and J. M. Miller; J. Inorg. and Nuclear Chem. 
7, 351 (1958). 
( 2H. R. Johnson and F. Rohrlich, J. Chem. Phys. 30, 1608 
1959). 
3G. Glockler, Phys. Rev. 46, 111 (1934). 


values of the electron affinities will not occur. The Jz 
values were taken from a compilation of Moore.‘ 
Successive values of Iz41, Iz etc. yield for a given n- 
electron system 


$z41>= (Z+1) meg (I241/13.6)! 
sa=Z—(I2/13.6)}. 


(2) 


The differences As(sz;:—Sz) are shown in Fig. 1 as 
functions of atomic number (Z). 

The electron affinity of the rare gas and other atoms 
in S states, such as the Group II elements must be very 
small although slightly positive. These negative ions 
will show some stability due to an ion-induced dipole 
interaction between the electron and the polarizable 
neutral atom (+0., Table I). Evidence for this view is 
given by wave-mechanical calculations,® which indicate 
that the electron affinity of helium is either zero or 
slightly positive. Furthermore, the existence of helium 
negative ions has recently been reported.’ They may be 
normal helium atoms ('$) plus an electron, or a meta- 
stable helium atom (*.$) plus an electron. 

Negative values of the electron affinity of an atom 
would mean that the corresponding ion would be un- 
stable and could not exist in the gas phase.* Negative 
electron affinities are known for such ions as O-- 
which are said to occur in ionic crystal oxides. Their 
existence depends on the presence of positive ions so 
that the solid as a whole is stable.® 

The extrapolation indicated in Fig. 1 would not be 
possible without knowledge of the electron affinities of 
some of the atoms involved. The following values were 
used: EA(C)=1.135; (O)=148+0.1"; (F)= 


4 Charlotte E. Moore, Atomic Energy Levels, Cir. 467 (U. S. 
Government Printing Office, Washington, D. C.), Vol. 1-3. 

5 L. M. Branscomb, Advances in Electronics and Electron Phys. 
9, 43 (1957). 

a Gray, Brigman, and Matsen, Mol. Phys. 1, 189 
(1958). 

— Joseph, and Weinman, Phys. Rev. 109, 1193 
(1958). 

8H. S. W. Massey, Negative Ions (Cambridge University 
Press, Cambridge, England, 1938). 

9A. E. Van Arkel and J. H. de Boer, Chemische Bindung als 
elektrostatische Erscheinung (S. Hirzel, Leipzig, 1931). 

10R. E. Honig, J. Chem. Phys. 22, 126 (1954). 
( u 5 M. Branscomb and S. J. Smith, Phys. Rev. 98, 1127 
1955). 
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ESTIMATED ELECTRON AFFINITIES OF THE LIGHT ELEMENTS 


3.6284; (S)=2.0740.07'5; and (Cl)=3.82 ev.'* 
A decided change of slope takes place in the curves 
shown in Fig. 1, which could only be found by the use 
of the known EA values just mentioned. This large 
change in curvature is caused by the greater difference 
in the radial change of the field near a neutral atom as 
compared with the Coulomb-field variation near™a 
charged positive or negative ion.’ 

The curves in both figures show the separation of the 
sixteen electrons into six groups. In the case of the 
neutral atoms, they are: Li(?.5,) and Be(!So); B(?P)°), 
C(#Po), and N(45;°); O(?P2), F(?P4°), and Ne(?So). 
In the second row of the periodic table, the corre- 
sponding groups with the same spectroscopic states 
are: Na and Mg; Al, Si, P; and S, Cl, A. The positive 
atomic ions with the same electron states are also 
grouped: Be+ and B+; C+, Nt, and Ot; F+, Net, and 
Nat; Mgt and Alt; Sit, P+, and St; Cl*, At, and]K+. 
Similarily, the negative atomic ions with the same num- 
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Fic. 1. Increment in screening constant as a function of atomic 
number. @ Experimental values; © Present estimates; A Refer- 
ence 1, X Reference 2. 
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ber of electrons and the same states are arranged in an 
identical fashion: He~, Li-; Be~, B-, and C-; N-, 
O-, and F-; Ne~ and Na“; Mg, AI, and Si; P-, 
S-, and Cl-. This systematic arrangement was used in 
making the present estimates of the electron affinities. 
These groupings of atoms and ions are stressed by tie- 
lines in Figs. 1 and 2. 

The unknown electron affinities (open circles) were 
found from the known ionization potentials and known 
electron affinities (black dots) in the following manner: 
The full curve (Fig. 1, I) (He-, Li®, Bet B*+* etc.) was 
extended toward the abscissa by following the change of 
curvature from Li® to He~. The next dotted line (Fig. 
i, II) (Li-, Be®, B+, etc.) was drawn with the same 
change in curvature as line I. The point of intersection 
of the vertical line (Z=3) and curve II gives 
AS[S(Be) — S(Li-)]. EA(Li) is then calculated from 
Eq.(1).It is assumed that the dotted lines have the same 
change of curvature as the full drawn curves. Since the 
tie lines (Li°— Be*), (B°, C°, N°), etc., are straight lines, 
it was assumed that the tie lines for the negative ions 
should also be straight lines. Hence, the intersection of 
three lines determines a AS value uniquely. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 32, NUMBER 3 MARCH, 1960 


Kinetic Studies of Hydroxyl Radicals in Shock Waves. III. The OH Concentration 
Maximum in the Hydrogen-Oxygen Reaction* 
Garry L. ScHott 
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
(Received October 9, 1959) 


The chemical reaction zone in shock waves in Hx—O.—Ar mixtures has been studied in detail using an 
ultraviolet line absorption technique to measure the OH radical concentration. The observed reaction 
course consists of an induction period followed by a sharp rise of [OH] to a maximum and then slow dis- 
appearance of OH. The [OH] maxima measured in rich, lean, and stoichiometric mixtures at 1000°S Ts 
2600°K and over a sevenfold range of density show that the reaction occurs in two distinct steps. The inter- 
mediate condition, in which [OH], [H], and [O] reach values greatly in excess of their equilibrium ones, is 
approximately a state of equilibrium among the three independent bimolecular reactions which is reached 
before any significant recombination has occurred. The relationship of these results to experiments near the 
explosion limits and in flames is emphasized. The occurrence of this overshoot in atom and free radical con- 
centrations, which is very pronounced in hydrogen-oxygen flames but is not observed in many hydrocarbon 
flames, is related to the decrease in number of moles which occurs in the oxidation of hydrogen but not of 


most other fuels. 





INTRODUCTION 


HE presence of hydrogen atom and hydroxyl radi- 

cal concentrations greatly in excess of their equilib- 
rium values has been demonstrated in hydrogen-oxygen 
flames in several ways over the past thirty years.! 
Considerable knowledge of the mechanism of the reac- 
tion of hydrogen and oxygen has been gained from 
studies of the explosion limits? and of the induction 
period in the explosive reaction near the lower explosion 


limit.2 The mechanism during the early stages of the 
explosive reaction is a branching chain process, and the 
qualitative way in which this mechanism leads to excess 
quantities of free radicals has been pointed out by 
Semenov.‘ Recent progress in understanding the 
mechanism of the later stages of the reaction has come 
from studies of hydrogen-oxygen flames. On the basis 


* Work performed under the auspices of the U. S. Atomic 
Energy Commission. This paper and related material were pre- 
sented as paper No. 87, Division of Physical Chemistry, 135th 
Meeting, American Chemical Society, Boston, Massachusetts, 
April, 1959. 

1 Some early reports include: (a) direct observation of OH by 
absorption spectroscopy; L. I. Avramenko and V. N. Kondratiev, 
Acta Physicochim. U.R.S.S. 7, 567 (1937); L. I. Avramenko, 
ibid. 17, 197 (1942). (b) H atoms inferred from rate of H+He 
exchange; F. Goldmann, Z. physik. Chem. B5, 305 (1929), dis- 
cussed by W. Jost, Explosion and Combustion Processes in Gases, 
translated by H. O. Croft (McGraw-Hill Book Company, Inc., 
New York, 1946), p. 321. (c) H atoms detected by thermocouples 
which catalyze 2 H-H:+103 kcal; H. Kondratieva and V. N. 
Kondratiev, Acta Physicochim. U.R.S.S. 21, 1, 629 (1946). 
W. T. David and J. Mann, Nature 160, 229 (1947). More recent 
work is presented and cited in references 5-8 and 20. 

2 B. Lewis and G. v. Elbe, Combustion, Flames, and Explosions 
(Academic Press, Inc., New York, 1951), Chaps. I and II. 

3N. Semenov, Acta Physicochim. U.R.S.S. 20, 291 (1945). 
Karmilova, Nalbandjan, and Semenov, Zhur. Fiz. Khim. 32, 1193 
(1958). The Russian work on the hydrogen-oxygen reaction is re- 
viewed by N. Semenov, Some Problems in Chemical Kinetics and 
Reactivity, translated by M. Boudart (Princeton University Press, 
Princeton, New Jersey, 1959), Chap. X. 

4N. Semenov, Izvest. Akad. Nauk S.S.S.R., Otdel. Khim. 
Nauk 3, 210 (1945). English translation can be found in: Bas- 
seches, Beckett, and Johnston, Tech. Int. Report No. F-TR- 
2265-IA-2 (Part of ATI-83 148), Ohio State University Cryo- 
genics Laboratory, 1949, Appendix IX. 


of experiments in fuel rich flames, Bulewicz, James, 
and Sugden® have formulated in general terms the con- 
ditions which govern the kinetics of disappearance of 
the excess species as equilibrium is approached in the 
burned gases. Kaskan has confirmed this formulation 
in both rich® and lean’ flames and extended it to mix- 
tures containing the oxides of carbon.® Studies of the 
reaction zone in hydrogen-oxygen detonations’:” have 
shown that the rate of approach to equilibrium is 
measurable, but that the initial portion of the reaction 
is too fast to be resolved by existing techniques. 

In the present work, the chemical reaction zone in 
shock waves in H;—O,—Ar mixtures has been studied 
in detail by using an ultraviolet line absorption tech- 
nique to measure the OH radical concentration."-” 
A flash lamp containing water vapor is used as the 
source of the OH band at 3064 A; the details of this 
technique and a description of the shock tube itself have 
been presented in paper I." A representative oscil- 
lographic record showing the principal features of the 
reaction is shown in Fig. 1. Following the arrival of the 
shock wave, which suddenly heats the experimental 
mixture from room temperature to one at which homo- 
geneous gaseous reaction can proceed rapidly, the fol- 
lowing sequence of events is observed. First, there is an 
induction period during which OH is not detectable. At 
the end of the induction period, the light absorption 
by OH exhibits a sharp S-shaped rise to a maximum 
and then slowly decreases. A quantitative study of the 


5 Bulewicz, James, and Sugden, Proc. Roy. Soc. (London) 
A235, 89 (1956). 

6 W. E. Kaskan, Combustion and Flame 2, 229 (1958). 

7 W. E. Kaskan, Combustion and Flame 2, 286 (1958). 

8 W. E. Kaskan, Combustion and Flame 3, 39, 49 (1959). 

*J. C. Chesick and G. B. Kistiakowsky, J. Chem. Phys. 28, 
"ie oT G. B. Kistiakowsky and P. H. Kydd, ibid. 25, 824 

10T, Just and H. Wagner, Z. physik. Chem. (Frankfurt) 13, 
241 (1957). 

11 Bauer, Schott, and Duff, J. Chem. Phys. 28, 1089 (1958). 

2 G. L. Schott and J. L. Kinsey, J. Chem. Phys. 29, 1177 (1958). 
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HYDROXYL RADICALS IN SHOCK WAVES. 


length of the induction period has been reported in 
paper II." The present paper presents experimental 
measurements and a quantitative interpretation of the 
maximum OH concentration which occurs in this 
reaction. 

Shock wave experiments in which the reactants are 
carried in an excess of inert gas have several advantages 
over flames and detonations for studies of the chemical 
kinetics of exothermic reactions. The conditions in the 
reaction zone are determined primarily by the shock 
strength in the carrier gas so that they are not closely 
tied to the nature or the progress of the chemical 
reaction. This allows one to vary the reaction tempera- 
ture and the mixture composition nearly independently, 
and to cover much greater ranges of both. Better resolu- 
tion of the reaction zone can be achieved also, for the 
following reasons. Practical detonation experiments 
require fairly high densities of reactants, but in driven 
shock waves one can use lower densities of reactants 
and thereby make reactions slower. In flames, the flow 
velocities are much smaller than in shock waves, so 
that the reaction zone is greatly compressed in space 
and is complicated by the effects of heat conduction 
and diffusion. 


PARTIAL EQUILIBRIUM HYPOTHESIS 


The reason for the existence of a maximum OH con- 
centration in the hydrogen-oxygen reaction and the 
basis for an approximate formulation of the conditions 
at the time of this maximum can be deduced from what 
is known about the reaction mechanism during the very 
early and very late stages of the reaction and from gen- 
eral stoichiometric and equilibrium requirements. The 
pertinent considerations are presented below in a way 
which develops the hypothesis which accounts for the 
[OH] maxima measured in the present shock wave 
experiments. 

The principal reaction between hydrogen and oxygen 
is the formation of water according to the stoichiometric 
equation 


2H.+0.=2H.0. (1) 


In the equilibrium mixtures at high temperatures and 
in the homogeneous reaction mechanism, three addi- 
tional species, H, O, and OH are known to be important. 

The elementary processes which make up the reaction 
mechanism can be divided into two general classes,5 
those which increase or decrease the number of mole- 
cules in the system and those which do not. In this 
connection, it will be convenient throughout this paper 
to refer to the mole number , which is here defined as 
the number of moles per gram of material, i.e., the re- 
ciprocal of the mean molecular weight. This parameter, 
rather than pressure or concentration, is used because 
we shall consider systems in which the temperature 
and density change with reaction. 

Equilibrium considerations require that among the six 
species Hy, O2, H,O, OH, H, and O there be four in- 


III 


Fic. 1. Experimental sani pa absorption in 3064 A 
band by OH during reaction of poring be Ar mixture in shock 
wave. Mixture E (see Fig 2), Peo=10 cm Hg, T=1300°K before 
reaction, sweep time = psec. 


dependent reactions, at least one of which involves a 
change in the mole number and therefore has a pressure 
dependent equilibrium relationship. 

The branching chain mechanism which is associated 
with the explosion limit and induction period phenom- 
ena” involves the three reaction steps: 


ke 
H+0,——0H+0 


k 
0+H,—0H+H 


(2) 


(3) 


ke 
OH+H.——H.0+H. (4) 
All these reactions preserve the mole number and hence 
are not sufficient to accomplish the stoichiometry (1) 
or lead to complete equilibrium among the six species. 
Thus some independent process for combining species 
must be involved in any complete mechanism. 

In the realm of slow reaction at temperatures below 
the explosion limits, recombination keeps pace with the 
chain reaction so that chain branching is kept in check 
and reaction proceeds stoichiometrically according to 
(1) with small steady-state amounts of the inter- 
mediates. But the characteristic of the branching chain 
reaction above the explosion limits is that atoms and 
OH radicals are produced through reactions (2)-(4) 
faster than they can be removed by recombination 
processes. This time lag in the recombination process 
necessarily produces a stepwise reaction in which the 
quantities of the intermediate species overshoot their 
subsequent equilibrium values.‘ 

The reaction conditions in the shock wave experi- 
ments are far removed from the explosion limits and 
during the induction period” the chain branching by 
reactions (2)-(4) is very much faster than chain 
breaking by recombination reactions. Since reactions 
(3) and (4) are significantly faster than (2), O and OH 
are consumed substantially as fast as they are formed 
and the stoichiometry which results is approximately 
(2) plus (3) plus twice (4), which yields: 


3H:-+0,=2H,0+2H. (5) 
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The reaction rate increases exponentially with time 
according to 


d(H /dt=2k.[ 0. [TH]. (6) 


The concentrations of O and OH are related to [H ] 
- by the kinetic steady-state relationships: 


[OH]/[H]=2h[ 02 /k[H2] 
[O/H ]=heL 0: ]/ ke He]. (8) 


This reaction course cannot continue indefinitely, 
but like any autocatalytic process it must be terminated 
by depletion of the reactants if by no other mechanism. 
However, there are two other important processes which 
become operative when appreciable quantities of H,0, 
OH, H, and O have been formed, namely back reactions 
and recombination reactions. The effect of recombina- 
tion reactions is to reduce the mole number so that the 
stoichiometry tends toward (1). However, as will be 
emphasized in the following, recombination reactions 
in this system are relatively slow and it is appropriate 
to consider the effect of back reactions alone. As back 
reactions become important, the forward and reverse 
rates of the individual steps (2)—(4) tend to be equili- 
brated. The relationships among the various concentra- 
tions are no longer the steady-state conditions, Eqs. 
(7) and (8), but instead approach the equilibrium 
conditions of reactions (2)-(4). The stoichiometry 
which then results is a mixture, or reactions (5), (9), 
and (10). 


(7) 


and 


H,.+0,=H,0+0 
H,+0,.= 20H. 


(9) 
(10) 


These reactions represent, respectively, the stoichio- 
metric formation of H, O, and OH from the original 
reactants. Since they are linear combinations of the 
kinetic steps (2)-(4), they reach their respective equili- 
bria through the equilibration of (2)-(4). Under such 
conditions, reaction (5), which is exothermic by 11 kcal, 
is the dominant stoichiometric process, as it was during 
the induction period. However, the contributions of 
the slightly endothermic processes (9) and (10) are 
also significant. Thus the amounts of atoms and OH 
radicals formed in this system in the absence or extreme 
slowness of recombination reactions represent sizable 
fractions of the original reactants. 

As the experiments in flames have shown,>”’ recom- 
bination is truly the rate determining step in the late 
stages of the reaction. Equilibration of forward and 
reverse rates of the bimolecular processes (2)—(4) is 
relatively rapid and keeps pace with the progress of 
recombination. 

The separation of the characteristic rates of equilibra- 
tion of the bimolecular reactions of the type (2)-(4), 
which conserve the mole number, and recombination 
reactions, which reduce the mole number, comes about 


GARRY L. SCHOTT 


in this system from a combination of two factors. First, 
recombination reactions among simple gaseous species 
require the participation of a third body and are kineti- 
cally third-order processes at pressures near or below 
one atmosphere, whereas the bimolecular processes are 
second order. Second, the bimolecular reactions in this 
system involve small activation energies which while 
significant at lower temperatures are no real deterrent 
to fast reaction at high temperatures. Recombination 
rates, on the other hand, generally decrease slightly 
with increasing temperature. Thus high temperatures 
and low pressures favor the separation of the rates of 
equilibration of these two kinds of reactions. 

The limiting case of separation of characteristic rates 
of the two kinds of kinetic processes is one in which the 
bimolecular reactions essentially reach equilibrium 
before any significant recombination has occurred. The 
intermediate state to which the system tends under 
these circumstances is one of partial equilibrium with 
no change in the mole number. This state is completely 
described by (a) the three independent equilibrium 
conditions of reactions (2)—(4), and (b) the stoichio- 
metric condition: 


(to—n) p= 3(LH20 |— (0/0) [H20 )—[H]—[O]) =0. 
(11) 


Here, p is the density, » is the mole number defined 
above, and the subscript zero refers to conditions before 
any reaction. This equation states simply that the 
change in the mole number, which can be expressed as 
half the difference in the amounts of triatomic and 
monatomic species formed from diatomic reactants, is 
zero. H and O atoms are assumed to be absent initially 
and H;0 present initially has been taken into account. 
The detailed course of the autocatalytic reaction 
during the induction period and the mechanism of 
of attainment of such a state of partial equilibrium, 
whether by reactions (2)-(4) or equivalent processes, 
are no longer important, since reactions (2)-(4) con- 
stitute a complete set of independent reactions in which 
the mole number does not change and all other such pro- 
cesses can be written as linear combinations of (2)-(4). 

This hypothetical intermediate state, which will be 
referred to simply as the partial equilibrium state, is 
proposed as a good approximation to the conditions 
that obtain at the time of the observed maximum OH 
concentration in the shock wave induced combustion 
of hydrogen and oxygen at high temperatures and low 
densities. 

For comparison of the measured [OH] maxima with 
those predicted by this hypothesis, the partial equilib- 
rium conditions have been calculated for the experi- 
mental gas mixtures and shock wave conditions. This 
job was simplified by the fact that the partial equilib- 
rium,.conditions are independent of pressure, so that 
calculations needed to be done for each mixture over 
the appropriate range of temperature, but the experi- 
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ments at different gas densities did not require separate 
treatment. 

In performing these calculations, it has been possible 
to use a general solution of the equations of chemical 
equilibrium which is incorporated in an existing digital 
computer code for the solution of the Rankine-Hugoniot 
equations." The special solution which satisfies the 
arbitrary stoichiometric condition (11) has been ob- 
tained at each of a series of temperatures by varying 
the value of the initial pressure in the calculation. This 
procedure is valid because any stoichiometrically pos- 
sible mole number corresponds to equilibrium at one 
and only one pressure. The pressures which were 
considered in these calculations bear no relationship to 
the experimental pressures; but the results of interest, 
namely the mole fractions and the intensive shock wave 
parameters, are independent of pressure. 


EXPERIMENTAL RESULTS 


The experiments in which maximum'OH radical 
concentrations have been measured have been described 
in detail in paper II. These experiments cover the 
temperature range 1000°<7<2600°K and involve 
four different H,-O.—Ar mixtures and observations 
in both incident and reflected shock waves, the latter 
at two optical path lengths. The experimental conditions 
are summarized in the legend to Fig. 2. 
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Fic. 2. OH mole fraction at maximum vs temperature for four 
experimental mixtures. Solid curves are for conditions of partial 
equilibrium with no recombination; the dashed curve is a sample 
curve for complete equilibrium. The points and mixtures are 
identified as follows: 


Symbol Mixture %H: %O: Type of shock py 
cm 


1.0 0.5 Incident 
Reflected . 
Reflected 


A 0. 
oO . 0. 
@ ; 2. Incident 
EB 0. 
A 2. 


10.0 
10.0 

3.2 
10.0 
10.0 
10.0 


Incident 
Incident 


18 This code for the IBM 704 is due to R. E. Duff and incor- 
porates W. Fickett’s code of the Brinkley matrix method of solu- 
tion of the chemical equilibria. 
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Fic. 3. Proportionality of maximum [OH] to gas density for 
mixture B near 1800°K. The points shown are those enclosed in 
the rectangle in Fig. 2. The solid line has the mean slope (mole 
fraction of OH) determined by the individual points; the dashed 
line represents the mole fraction computed by the partial equi- 
librium hypothesis. 


The calibration curve relating fractional light trans- 
mission to OH concentration is an empirical one based 
on the equilibrium conditions attained in shock wave 
experiments near 2800°K. Such experiments were re- 
ported in paper I." In the present work, those experi- 
ments and seven additional experiments in hydrogen- 
oxygen-argon mixtures have been recalculated using the 
currently favored value of +9.27+0.3 kcal/mole“ 
for the standard heat of formation of OH at 0°K. 

For comparison with the computed conditions of the 
hypothetical partial equilibrium state, it is convenient 
to consider the curve of OH mole fraction vs temperature 
for each mixture. The experimental OH concentrations 
deduced from the calibration curve have been converted 
to mole fractions and the temperature has been deduced 
from the measured shock velocity on the assump- 
tion that the temperature, density, and mole number of 
the shocked gas at the time of maximum light absorp- 
tion are those computed for the partial equilibrium 
state. Since the gas is mostly argon, the changes in 
these quantities with reaction are small and no serious 
error is introduced by this procedure. : 

The results of this analysis of the [OH] maximum 
data are plotted in Fig. 2. Shown for comparison are the 
computed curves corresponding to the partial equilib- 
rium state. In addition, one calculated curve is shown 
for complete equilibrium under a representative set of 
experimental conditions, incident shock waves in 
mixture B at an initial pressure of 5 cm Hg. The obvious 
separation of the four groups of experimental points 


“R. F. Barrow, Arkiv Fysik 11, 281 (1956); P. Brix and G. 
Herzberg, J. Chem. Phys. 21, 2240 (1953). 
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TaBLe I. Calculated reaction conditions for 4% Hs, 2% Oz in Ar for initial conditions 
P=5.0 cm Hg, T7=298.16°K, shock velocity = 1.263 mm/ysec. 
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from each other and their general agreement with their 
respective computed curves is strong evidence for the 
approximate validity of the partial equilibrium hypothe- 
sis over a wide range of experimental conditions. The 
agreement among the three kinds of experiments with 
mixture B also supports the reliability of the experi- 
ments and their interpretation. 

The proportionality of maximum OH concentration 
to density for a given mixture and temperature is im- 
plicit in the partial equilibrium hypothesis and in the 
plot of Fig. 2. This proportionality is shown explicitly 
in Fig. 3, where fifteen points for mixture B between 
1740° and 1900°K (shown in the rectangle in Fig. 2) 
are plotted as OH concentration vs total gas concentra- 
tion. For definiteness, the data have been adjusted to 
1800°K using the temperature dependence of the 
calculated partial equilibrium curve. A sevenfold range 
of the density is covered in this group of experiments. 
The solid line is the average of the individual mole 
fractions, (after adjustment to 1800°K); the broken 
line represents the mole fraction given by the partial 
equilibrium hypothesis. 

It may be noted that the partial equilibrium and total 
equilibrium curves of OH mole fraction vs temperature 
cross at a temperature between 2500° and 3000°K for 
the conditions of these experiments. This is exemplified 
by the sample curve for mixture B in Fig. 2. In this 
temperature range and at higher temperatures, no over- 
shoot in [OH] is found experimentally, but rather the 
absorption rises sharply to a plateau and then no sub- 
sequent change is observed. The six experimental points 
shown in this region can as well be interpreted as repre- 
senting complete equilibrium, which is reached rapidly 
because no slow recombination step is involved. At 
temperatures above that at which the two curves cross, 
the partial equilibrium curve of course does not repre- 
sent the maximum OH mole fraction and probably 
does not represent any intermediate stage of the reac- 
tion. Below this temperature, however, the overshoot 
in OH concentration occurs and the [OH] maxima 
approximately follow the partial equilibrium curves, 


which are much less steeply dependent on temperature 
than the complete equilibrium curves. 

As a detailed examination of Fig. 2 shows, the agree- 
ment between the observed [OH ] maxima and the OH 
concentrations computed by the partial equilibrium 
hypothesis is not exact within the experimental scatter. 
For mixture D, the points are slightly below the com- 
puted curve, which is what might be expected if some 
recombination occurs while OH is still being formed. 
But for mixtures B, C, and E, the experimental points 
lie generally above the computed curves, especially at 
lower temperatures. The average magnitude of this 
discrepancy, as shown by the data in Fig. 3, is 20%. 
This indicates some systematic error in the experiments 
since, as will be discussed below, the partial equilibrium 
condition places a practical upper limit upon the maxi- 
mum OH mole fraction. 

The most obvious source of uncertainty in these 
experiments is the calibration curve, which is based on 
rather imprecise experiments near 2800°K and which 
has been used here without correction at temperatures 
down to 1000°K. The absorption of the selected group 
of lines from the flash lamp source may be expected to 
depend on temperature since both the populations of 
the absorbing quantum states and the width of the 
absorption lines, which is determined principally by 
the Doppler broadening effect, are temperature 
dependent. In the absence of detailed knowledge of the 
emission spectrum of the lamp, these effects cannot be 
taken into account properly at the present time. 


CALCULATED RESULTS 


It is of interest to compare parameters calculated for 
various stages of the reaction under a representative 
set of experimental conditions. This is done in Table I. 
The first and fourth columns are for the limiting condi- 
tions of no reaction and total equilibrium, respectively. 
The second and fifth columns are for the hypothetical 
conditions of partial equilibrium with no recombination 


%W. E. Kaskan, J. Chem. Phys. 28, 729 (1958); 29, 1420 
(1958); T. Carrington, ibid. 31, 1243 (1959). 
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and for complete burning of the hydrogen and oxygen 
to water. Complete rotational and vibrational equilib- 
rium has been assumed in all these calculations. Com- 
parison of columns 2 and 5 shows the magnitudes of 
the overshoots in the H, O, and OH concentrations and 
the dependence of the energy release, indicated by the 
temperature and density changes, on the recombination 
part of the reaction. Comparison of columns 4 and 5 
shows that the equilibrium stoichiometry is very little 
different from Eq. (1). 

The third column contains the estimated range of 
conditions at the time of the maximum OH concentra- 
tion. These estimates were made by numerical calcula- 
tions of the reaction profile for an assumed mechanism 
in which finite recombination rates were included. The 
details of these calculations have been described by 
Duff."* The system of reactions and rate coefficients 
considered is given in Table II. It should be emphasized 
that this mechanism is somewhat arbitrary and that 
the rate coefficients used do not necessarily best repre- 
sent the available data in all cases. However, it is be- 
lieved that this mechanism includes good estimates of 
the rates of the reactions which are most important in 
determining the OH concentration maximum. These 
are reaction (2), which is the rate determining step in 
the OH buildup mechanism, and the recombination 
reactions involving hydrogen atoms, reactions (6)- (8), 
which dominate the recombination mechanism in stoi- 
chiometric mixtures. The value of k has been taken 
from paper II.” The pairs of values considered for ke-ks 
are believed to bracket or exceed the probable values of 
these rate coefficients. Of these, kg has been studied the 
most extensively. Values between 10° and 10” (mole/ 
liter)—* sec? have been reported®*-” in the neighbor- 
hood of 1500-2000°K in a variety of third body en- 
vironments. The higher values are characteristic of 
H.0 as third body, and the lower values represent data 
in environments of simpler molecules, predominantly 
H; and Nz. Preliminary results from the rate of disap- 
pearance of OH in the present shock wave reaction 
system with Ar and H, as M yield k=2X10° near 
2100°K. Bulewicz and Sugden” have reported k7/ke= 24 
at 1650°K for H,O as M. No experimental evidence on 
reaction 8 is available. 

The results of these calculations using the low (a) 
and high (b) estimates of ke-kg are shown in Table I 
as conditions at the time of the maximum OH concen- 
tration. The indication is that departure from the 
hypothetical partial equilibrium condition are at most a 
small fraction of the differences between the partial and 
total equilibrium conditions. The OH concentration 
maximum, which is the quantity measured in these 
experiments, is less sensitive to the finite progress of 
recombination than some of the other parameters. 

Kinetic calculations have also been done considering 


*R. E. Duff, J. Chem. og 28, 1193 (1958). 


1 E. M. Bulewicz and T. M Sugden, Trans. Faraday Soc. 54, 
1855 (1958). 
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TABLE II. Assumed reactions and rate coefficients for reaction 
profile calculations. 





k=A exp(- —E/RT) 


(mole/liter)~ sec 
Bimolecular reactions E (k 


cal/mole) 





1. H:+0:-~O0H+0H 
2. H+0:—-0H+0 
3.0+H:—-0H+H 
4.O0H+H:—H,0+H 
5. OH+OH-—H:0+0 


1X10" 
3X10" 
3X10" 
3X10" 
3X10" 


70.0 
17.5 
8.0 
6.0 
6.0 





Recombination reactions k (mole/liter)—* sec 





6. H+H+M-—H:+M (a) 1X10° 


(b) 5X10° 


(a) 1X10" 
(b) 1x10" 


(a) 1X10° 
(b) 1X10” 


3X10 


7. H+OH+M-—H:0+M 
8. H+0+M-—0H+M 


9.0+0+M-0:+M 





only reactions (1)-(5) and excluding recombination 
processes. Since the mole number is fixed by this limited 
mechanism, the final state to which these calculations 
tend is the partial equilibrium state. It is found that 
slight concentration maxima are still possible for H 
atoms and also for OH as the system adjusts from the 
kinetic steady state of the branching chain mechanism 
to the conditions of equilibrium among the bimolecular 
reactions. However, these maxima are significant only 
in mixtures containing a large excess of O2. In mixtures 
of near stoichiometric composition, the calculations 
described above indicate that recombination becomes 
important as the concentrations of recombinable species 
become large, so that maxima greater than given by 
the partial equilibrium calculation are not obtained. 
Thus the partial equilibrium condition represents a 
practical upper limit to the H, O, and OH concentration 
maxima. 

Additional calculations were performed using the 
lower (a) values of ke-kg and values of ks-k; a factor of 
three smaller than those listed in Table II. The effect 
on the conditions at the OH concentration maximum 
was negligible, indicating that reaction (2) is indeed 
the rate determining step in the approach of the bi- 
molecular processes to equilibrium. This is so even 
though, with these assumed rate coefficients, the 
approximation ke&ks, k, is no longer a very good one, 
and the growth of the branching chain is slower than 
given by Eqs. (6)—(8). This makes the length of the 
induction period and the time to reach the [OH] 
maximum several percent longer than in the computa- 
tions using the values of ks-ks in Table II. 


RELATION TO OTHER WORK 


The branching chain mechanism of the autocatalytic 
initial portion of the reaction has been established from 
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its relationship to the explosion limit phenomena? 
and the induction period in the explosive reaction.” 
Semenov and co-workers*-® have analyzed the course of 
the explosive reaction beyond the end of the induction 
period by using a model which considered the effect of 
depletion of O2 but did not consider the depletion of He 
or the reversibility of the chain reaction steps. Using 
similar steady state considerations, Kondratiev and 
co-workers” have treated the super-equilibrium H and 
OH concentrations measured in flames. The present 
work and the recent work on flames*>* show that the 
equilibria approached by the chain reactions are of 
primary importance in determining the course of the 
reaction following the induction period. This is especi- 
ally true at the temperatures encountered in flames and 
detonations. These temperatures are well above the 
explosion limits and the chain reactions are much faster 
than recombination processes so that large amounts 
of intermediates are accumulated. 

The kinetics of disappearance of the excess atoms and 
OH radicals in the recombination zone in flames has 
been shown to indicate the approximate maintainment 
of equilibrium among the bimolecular reactions (2)- 
(4). However, the connection between the recombina- 
tion zone and the primary reaction zone has been 
obscure. The present results support and extend the 
description of the conditions in the recombination zone 
by showing clearly the source of the excess species and 
defining the starting point for the recombination phase 
of the reaction. 


EXTENSION TO OTHER SYSTEMS 


The overshoot in atom and free radical concentra- 
tions which is so pronounced in the hydrogen-oxygen 
reaction is the result of a rare combination of circum- 
stances. First, the over-all reaction involves a decrease 
in the mole number, so that recombination is a neces- 
sary part of the mechanism. Such a reaction must be 
highly exothermic to proceed at high temperatures in 
spite of the decrease in entropy. Second, recombination 
occurs relatively slowly compared to the equilibration 


18N. Semenov, Doklady Akad. Nauk S.S.S.R. 44, 241 (1944). 

18 V. N. Kondratiev, The Spectroscopic Investigation of Chemical 
Gas Reactions (Academy of Sciences, Moscow, 1944); English 
translation of this monograph can be found in: Basseches, Beckett, 
and Johnston, Tech. Int. Report No. F-TR-2265-IA-2, (part of 
ATI-83 148), Ohio State University Cryogenics Laboratory, 
1949, Appendix IT. 
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of bimolecular reactions which involve the atom and 
OH radical intermediates. The stepwise reaction in 
which the overshoot occurs is thus associated with 
the super-equilibrium mole number. This overshoot 
behavior is not a general characteristic of combustion 
of fuels with oxygen. Several hydrocarbon flames that 
have been examined under rich mixture conditions do 
not show this behavior.” A simple explanation is that 
only H, and a few other simple molecules can burn in 
oxygen with a decrease in mole number. Examples of 
these are CO, H2S, CS2, and C2He, which in the presence 
of sufficient oxygen can burn to triatomic products 
with an overall decrease in mole number. The participa- 
tion of CO in the overshoot phenomenon in H,—-CO— 
O2 flames has been demonstrated by Kaskan.* Most 
hydrocarbons and other organic compounds, on the 
other hand, generally burn with either no change or an 
increase in the mole number. Hence the burning of these 
substances need not involve finite progress of recom- 
bination reactions in the mechanism. This does not 
mean that the burning of these substances cannot 
involve transient excesses of atoms and unstable 
radicals, since in general the combustion occurs by 
chain reactions. However, it does mean that large 
general overshoots associated with a super-equilibrium 
mole number need not occur, and in fact will not occur 
unless conditions are such that a great deal of bond 
breakage occurs in conjunction with an early stage of 
the reaction. This situation has been encountered in 
lean hydrocarbon flames, where oxidation of CO to 
CO, does not keep pace with the consumption of the 
hydrocarbon.*! 
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A method is described for the measurement of microwave line widths and integrated intensities with 
Stark-modulation spectrometers. The method makes use of a property that the peak intensity amax,meas; 
measured at a given Stark field Z, depends, under certain conditions, only on the half-width a and the peak 
intensity amas. In the present investigation, the method has been used with a Stark cavity spectrometer 
employing “antimodulation” techniques which were described in an earlier paper. Experimental procedure, 
and the possibilities of the method are illustrated by measurements on two lines arising from the J =1—2 
rotational transition of the *O"C®#S molecule in the ground state, and in the excited bending-vibrational 
state (/-doublet). The measured integrated intensity of the ground-state line of (103+-3.5)10-* cm= sec 
at 1 mm Hg agrees well with the theoretical value of 101.5-10-* cm™ sec. The half-width constant of the 
ground-state line and of the /-doublet line was found to be 6.27+-0.18 and 6.1740.23 Mc/mm Hg, re- 
spectively. From the measurements on the various mixtures of OCS and Nz, a value of 4.362-0.12 Mc/mm 


Hg has been obtained for the collision broadening factor for OCS molecules with Nz molecules. 
‘The present method is applicable to sharp (also weak) lines of which the Stark splitting pattern is quanti- 


tatively known. 





INTRODUCTION 


EASUREMENT of integrated line intensities is of 

primary importance in many applications of 
microwave spectroscopy, especially in chemical and 
isotopic analysis, and in the determination of various 
molecular quantities from line intensities. Although 
analysis with microwaves can be performed by peak 
intensities, the dependence of the latter on the com- 
position of the sample makes this approach useful 
only in special cases.! It is well known that analysis 
by integrated intensities is not subject to this limita- 
tion. Various molecular quantities can be obtained 
from peak intensities only if the half-width of the line is 
known. 

Generally, the integrated line intensity can be 
determined either: (1) by measuring the line intensity 
at a number of frequencies and by integrating the 
resulting curve of line intensity vs frequency, or (2) by 
measuring both peak intensity and half-width of the 
line (see below). The first method cannot be applied to 
weak or very sharp lines, while for strong and broad 
lines it is still subject to serious limitations.’ The main 
difficulty of the second method stems from the fact that 
entirely different techniques are usually needed for the 
measurement of peak intensities and of line widths. 
Moreover, the ordinary techniques used for the deter- 
mination of line widths? are difficult to apply for very 
sharp and weak lines. 

A method, which largely eliminates the difficulties 
mentioned above forms the main subject of this paper. 
With this method, both the peak intensity and the half- 
width of the line are obtained from a single set of 


Foti = oes —— Boo hag University, Cruft Laboratory, 
— N "Y. Acad. Sci. 55, 872 (1952). 


s Gordy, mith, and Trambarulo, ag egg pemdantedd 
(John Wiley & Sons, Inc., New York, 1953), Sec. 1 


measurements on the line intensity. Although the 
method is thus intended primarily for the measure- 
ment of integrated intensities, it can also be used for the 
determination of line widths only. The method is ap- 
plicable with Stark modulation spectrometers for all 
lines (also very sharp and weak ones) of which the 
Stark splitting pattern is quantitatively known. The 
present accuracy (~3% for line widths, and ~4% for 
integrated intensities) is largely determined by de- 
ficiencies of electronic equipment. Usefulness of the 
method and experimental procedure are illustrated by 
measurements on two lines arising from the J=1—2 
rotational transition of OCS near 24 kMc. 


LINE INTENSITIES 


The absorption intensity a(v) and the shape of a 
sharp absorption line broadened only by molecular 
collisions is given by!: 


a(v)=Cn(o#/a) {o'/L(o—m)*+0 Jem, _ (1) 


where v, vo= frequency of the incident radiation and the 
resonance frequency of the line, respectively; a=half- 
width of the line at half its maximum intensity (half- 
width in the following); #=number of molecules per 
cubic centimeter; C=constant depending on absolute 
temperature, structure of the molecule, and particular 
transition involved. For y=», a(v) attains its maximum 
value 


Omar = Cn(v2/a) cm, 


which is the peak intensity of the line. 

For a pure sample at a constant temperature, the 
half-width @ is proportional to the pressure P in the 
absorption cell: 


(2) 


a=KP, (3) 
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with the constant K called the half-width constant or 
the collision broadening factor for self-broadening. 
Since » is also proportional to P, anasx is thus independ- 
ent of the pressure. 

The peak intensity, a;,max, of a line originating from 
the ith constituent of a mixture is also given by Eq. 
(2) if m therein is replaced by m,, the number of mole- 
cules of this corstituent/cm*, and a by aj, the corre- 
sponding half-width. The last quantity can be written!: 


ai= DUK opi, (3a) 


with 
K,=K. 


Herein, #; is the partial pressure of the jth constituent 
of the mixture, and K ;; is the collision broadening factor 
of molecules of material 7 with molecules of material i. 
For a given composition of the mixture and at a given 
temperature both m; and a; are proportional to the 
total pressure. In this case, a;,max is independent of the 
pressure in the absorption cell. 

The collision broadening factors K ;; vary within wide 
limits for different molecules and are known only for 
few molecules. As a consequence, a; and hence a;,max 
depend on the composition of the mixture. 

The integrated line intensity, aint, is defined as 


aim | “adv 


By integrating Eq. (1), one obtains for aint: 
(4) 


The integrated intensity, a;,in, of the ith constituent 
of a mixture is also given by Eq. (4) if m is replaced 
by Nj. 

As can be seen from Eq. (4), the integrated intensity 
is independent of the line width, and proportional to the 
number of absorbing molecules. For a given partial 
pressure ;, the integrated intensity due to the ith 
constituent of a mixture is thus independent of the 
composition of the mixture and the pressure in the 
absorption cell. 

By combining Eqs. (2) and (4), the expression for 
Qint reads: 


Q int= Crnv? cm sect. 


(5) 


The integrated intensity can thus be obtained by 
measuring both oma: and @ of the line. 


Qint=7dAmszx cm sec. 


Y 


METHOD 


It is well known that the absorption intensity 
a(v, E) at the resonance frequency of a gas enclosed 
in a Stark absorption cell, and at the applied Stark 
field E is 
(6) 


a(v, E) = max 
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for E=0, and 


a(¥%, E) ye Laur, E) (7) 
M 
for E~0.* Herein, ay(v, EZ) is the absorption intensity 
by the Mth Stark component at the resonance frequency 
of the line, M being the magnetic quantum number. 
The sum in Eq. (7) is taken over all Stark components. 
The peak intensity amax,meas Measured with an ideal 
(see last section of this paper) Stark spectrometer at 
the strength E of the modulating square-wave field is 
given [Eq. (6) and (7) ] by 


Qmax,meas— a(v, E=0) —a(v, E= E) ? 


(8) 


QOmax,meas~ Amax— dau(vo, E) ° 
M 

At pressures higher than approximately 0.02 mm Hg, 
the half-width of microwave absorption lines is deter- 
mined mainly by molecular collisions. In a uniform 
Stark field, and in the absence of power saturation, it 
may be assumed that at these pressures the unsplit 
line and all of its Stark components have the same 
half-width and the same (Lorentzian) shape. The 
absorption intensity ay(v, E) of the Mth Stark com- 
ponent can thus be written [see Eqs. (1) and (2) ]: 


au(v, E) =a, max(Voe radi |X PI 


Herein, a@y,max and vyy(E) are the peak intensity and 
the center frequency of the Mth component, re- 
spectively. 

From the principle of spectroscopic stability, and 
from the relation (5) applied to the unsplit line and to 
all its Stark components follows: 


(10) 


Qmax> PF Micis 
M 


or 
QM,max— Omax’ Ruy, 


> Ru=1. 
M 


The ratio Ru(=ay,max/G@max) can readily be calcu- 
lated for all microwave transitions from the well- 
known quantum-mechanical expressions.‘ 

For lines possessing (in the usual approximation) a 
pure mth-order Stark effect (n=1 or 2 for the first or 
second order Stark effect, respectively) the frequency 
displacement of the Mth component from the unsplit 
line can be written‘: 


y—vu(E)=Ky:E*. (11) 


The constant Ky depends on the strength of the 
molecular dipole moment and on the particular transi- 


with 


’A. Dymanus, “Intensity measurements in the microwave 
spectroscopy of gases,” Thesis, Utrecht (1958), p. 26. 

*C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 

(McGraw-Hill Book Company, Inc., New York, 1955), Chap. 10. 
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tion involved. It can be calculated from known expres- 
sions for all microwave transitions in linear and sym- 
metric-top molecules. For asymmetric-top molecules, 
Ky cannot be calculated in many cases. In these cases 
it’ is, however, not difficult to determine Ky experi- 
mentally with high accuracy. 

By combining Eqs. (8)-—(11), the expression (8) for 


Qmax,meas DECOMES 
Be Ruve/vi? ) 
ans nes nn aK Ea . 


The ratio v?/v,y* differs from unity by less than 0.001 
for the usual Stark splittings (y—vu(Z)<12 Mc at 
24 kMc). The influence of this ratio on the Stark field 
dependence of amax,meas and hence on the value of a is 
thus far below the accuracy of the present method and 
can be neglected. 

Several methods can be followed to obtain the two 
unknown quantities, ams: and @, and hence ain, from 
Eq. (12). In principle, they can be obtained from the 
values of Gmaz,meas at two different Stark fields. The 
accuracy is, however, considerably increased by meas- 
UFINZ Qmex,meas At a number of Stark fields, and by 
applying the method of least squares.’ The values of 
Qmax and a obtained from the values of amax,meas At two 
fields are in this case used as preliminary values of these 
quantities. 

A slightly different procedure suggests itself from 
the property [Eq. (12) ]: amax,meas—Qmax for E>. 
Thus, if the available Stark field is strong enough to 
split the line completely, omax,meas becomes a constant 
(=amaz) at fields higher than a certain value. If the 
available field is not strong enough for a complete 
splitting, an extrapolation of amex,meas Values for E> 
yields the desired aux. With the known value of 
Qmax, @ is readily obtained from Eq. (12) by one of the 
methods mentioned above. 


EXPERIMENTAL EQUIPMENT 


The peak intensities amax,meas Were determined by 
the so-called antimodulation method described in detail 
elsewhere.** This method has been applied in the 
present investigation with a Stark cavity spectrometer 
utilizing Stark modulation at 400 cps, and superhetero- 
dyne detection at an IF of 30 Mc. By using the super- 
heterodyne detection scheme, high spectrometer sensi- 
tivity could be obtained with low input powers to the 
cavity cell, which greatly minimize the danger of power 
saturation of the gas. Both signal and local oscillator 
klystrons were frequency stabilized by modified Pound- 
Zaffarano circuits.’ The accuracy of the absolute value 
Of Gmaz,meas WAS about 2%, while the variation of 
Qmax,meae With the applied field could be determined with 
an accuracy of about 0.1%. 


5H. Margenau and G. M. ala The Mathematics of Physics 
and Chemisiry (D. Van Nostrand Company, Inc., Princeton, 
New Jersey, 1947), p. 500. 

¢ A. Dymanus, Physica 25, 859 (1959). 





(12) 


719 


The absorption cell of the spectrometer was a pillbox 
shaped cylindrical Stark cavity oscillating in a TEom 
mode (4<Sm3S12).’ In this investigation the TEon 
mode has been used almost exclusively. The modulating 
Stark voltage, a zero-biased square wave with an 
amplitude adjustable from zero to a maximum value 
of about 1200 v, was applied between the bottom and 
the plunger of the cavity. As the electric vectors of the 
Stark and microwave fields are perpendicular to each 
other, only transitions corresponding to AM=+1 
are detected. Owing to the large diameter to length 
ratio (15-20), the resulting Stark field is very well 
homogeneous. 

The pressure in the cavity cell was measured with a 
egy micromanometer with an accuracy of about 
1.5%. 


PROCEDURE AND RESULTS 


The method has been applied to two lines arising 
from J=1-—2 rotational transition of the “O"%C®S 


‘ molecule in the ground vibrational state (ground-state 


line in the following) and in the: 1=2,=0, v.=1;)' 
bending vibrational state (lower-frequency component 
of the /-doublet, reference 4, Chap. 2). Extensive 
measurements have been performed only on the 
ground-state line, as for this line only was good 
comparison possible between theory and experiment. 
In the case of the /-doublet, there exists a discrepancy, 
thus far unexplained, between the measured and the 
calculated peak intensities.* The measurements on the 
l-doublet line were intended primarily for the deter- 
mination of the half-width constant K of this line, and 
as an illustration of the usefulness of the present 
method also in the case of difficult lines. 


(a) The Ground-State Line 


The Stark effect of the ground-state line is of the 
second order with Ry and Ky for th AM=+1 
transitions given by® (see also reference 3, Chap. 2): 


Ru=1/20(24M) (34M), 
K y= —4.98- 10-*[63M?—5(M+1)*—32]Mc(v/cm)~, 
(13) 


where M refers to the lower state of the transition, and 
the upper (+) sign and the lower (—) sign corre- 
spond with the AM=+1 and AM=-—1 transitions, 
respectively. Since J=1, M in Eq. (13) obviously 
takes the values —1, 0, +1. The line is thus split into 
three components. The strongest component (Ry=0.6) 
is also the nearest to the unsplit line (Ky=0.55 Mc at 
E=1000 v/cm). 

By substituting the above values of Ry and Ky 
into Eq. (12), an explicit expression for amaz,meas iN 
terms of ama:, @, and E is obtained. At fields and 


7 A. Dymanus, Rev. Sci. Instr. 30, 191 (1959). 
® Dymanus, Dijkerman, and Zijderveld (to be published). 
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Amax,measf : 


See 


o —+P =0.0154mm Hg 
e —-P =0.0220mm Hg 
x —+» P =0.0322mm Hg 
-4 
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1 2 3 


Fic. 1. The peak-intensity ratio amax,meas/@max of the ground- 
state line of “O"C®S as a function of E~ at three pressures in a 
cavity absorption cell. The dashed lines are the tangent lines to 
the corresponding emax,meas/Qmax Curves at E~*=0. 





pressures at which E*/a~*> 2-10" this expression can be 
approximated (to within 1%) by the expression, 





(14) 


0.64 ) 
1+3.02-10-# Ea)’ 


ef 


which is suitable for the application of the least square 
method. Moreover, as can be seen from Eq. (14), the 
relation between Qmaz,mess and E-* becomes (prac- 
tically) a linear one: 

Omax,mess—~Omax(1—2.12- 10%? EE), (15) 
at fields and pressures at which 3.02-10-"E‘a>1. 
The desired quantities, amas and a, can thus be ob- 
tained from the intersection of the curve amaz,meas US. 
E~ with the line E~“=0 and from the slope of this 
curve at E-*=0, respectively. 

Three curves Of Gmaz,meas/Qmax 1S. E~* are given in 
Fig. 1 for the ground-state line at pressures of 0.0154, 
0.0220, and 0.0322 mm Hg. Each point in this figure is a 
mean value of at least three measurements at a tem- 
perature of about 296°K. As can be seen from Fig. 1, 
the lowest field strength at which Eq. (15) is still a 
good approximation of Eq. (14) increases rapidly with 
increasing pressure in the cell; it is ~950 v/cm at a 
pressure of 0.0154, and increases to ~ 1450 v/cm at a 
pressure of 0.0322 mm Hg. 

The mean value of K obtained from the slopes of the 
Qmax,meas/Qmax VS. E~* curves in Fig. 1 is ~6.4 Mc/mm 
Hg. This value agrees well with the value of 6.46 and 
6.16+0.35 Mc/mm Hg obtained by Feeny et al.,® and 


® Feeny, Lackner, Moser, and Smith, J. Chem. Phys. 22, 79 
(1954). 


by Johnson and Slager,” respectively. A consideration 
of Fig. 1 reveals, however, at once, that the value of K 
obtained from the slopes is not very accurate, especially 
at higher pressures. 

The dependence of @, amex, and aia: of a pure OCS 
sample on the pressure in the absorption cell is shown 
in Fig. 2 for pressures between 0.015 and 0.035 mm Hg. 
The experimental points in this figure (and also in the 
following ones) have been obtained from Eq. (14) by 
the methods explained above. In agreement with Eqs. 
(2)-(4), amax in Fig. 2 is independent of the pressure, 
and both a and ain: are proportional to the pressure. 
From the appropriate curves the following values are 
obtained for K, amex, and ai at a temperature 
T~296°K: 


K=6.25+0.18 Mc/mm Hg 
Omax = (5.14++0.10) 10-§ cm™ 
Gint= (1033.5) 10-* cm™ sec at 1 mm Hg. 


The value of K given above lies between the values of 
Johnson and Slager, and of Feeny et al. The value of 
Omax agrees well with the value (5.130.12) 10-° cm™ 
reported previously.* The integrated intensity obtained 
from the present measurements is close to the theo- 





(io “mm Hg) 
25 35 











Fic. 2. The pressure dependence of the -intensity amex, of 
the integrated Fitensity @int, and of the haitwidth a of the ground- 
state line of OCS for a pure OCS sample. 


10 C, M. Johnson and D. M. Slager, Phys. Rev. 87, 677 (1952). 
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retical value of 101.5-10-° cm™ sec! at 1 mm Hg 
(reference 3, Sec. 6.2.3, and reference 6), 

The results of extensive measurements on mixtures of 
carbonyl sulfide and nitrogen (Nz) are summarized in 
Figs. 3 and 4. In these measurements the pressure of 
OCS has been kept constant (0.0178 mm Hg in Fig. 3, 
and 0.0247 mm Hg in Fig. 4), and the pressure of 
N2 varied from zero to about 0.015 mm Hg. Larger 
admixtures of N; have not been used because of diffi- 
culties in measuring accurately partial pressures of Nz 
higher than 0.015 mm Hg. 

A consideration of Figs. 3 and 4 indicates good 
agreement between experimental results and predic- 
tions of the theory. At both partial pressures (COS), 
of OCS, aia: is proportional to (COS) and independent 
of the partial pressure p(Nz) of No, and hence of the 
mixture composition [Eq. (4) ]. The mean values of 
@ine: 1.80-10-* cm= sec at p(COS) =0.0178 mm Hg, 
and 2.55-10-* cm=! sec at p(COS) =0.0247 mm Hg 
agree well with the values of 1.83-10~ and 2.54-10-* 
cm~ sec obtained with a pure OCS sample [Fig. (2) ], 
and with the calculated values of 1.82-10- and 
2.53-10-* cm sec for T=296°K. All quantities in 
Figs. 3 and 4 have been measured at temperatures 
close to 295°K. 

At both partial pressures of OCS, the half-width of 
the line increased linearly with increasing p(Nz) ac- 
cording to Eq. (3a). The mean value of the collision 
broadening factor Kcos.n, for collisions of OCS mole- 


o —~ Omax. 
x—a 
@ — @ int, 





Omax. 
(Arbitrary Units) 
“ 


—P Np) 
i (0mm Hg) , 
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Fic. 3. The dependence of the peak intensity amax (measured 
in units of the peak intensity of a pure OCS sample), the half- 
width a, and the integrated intensity aint of the ground-state line 
on the partial pressure Ba) of N: in a mixture of OCS and N:. 
The partial pressure of OCS was 0.0178 mm Hg. - 


o —-Omax. 
seni dl 


© —-@ int. 





: , (OSmm Hg), 
5 10 15 


Fic. 4. The same as Fig. 3, but at the partial pressure of OCS 
of 0.0247 mm Hg: 











cules with Nz molecules obtained from the slope of the 
a vs p(Ne2) curves in Figs. 3 and 4 is 


Koos,x,=4.36+0.12 Mc/mm Hg. 


No previous measurement of this factor is known to us. 

The decrease of the peak intensity ama: with in- 
creasing p(N2) (Figs. 3 and 4) is in good (~2%) 
agreement with the relation: 


atmax( (Ns) £0) _ K-p(COS) 
Omax(P(N2)=0) K-p(COS)+Kcos,nz* p(Ne)’ 


using the Kcos,x, value given above. The relation (16) 
follows from Eqs. (2)—(3a). An investigation of Figs. 
(3) and (4) indicates that for a given molar fraction 
of No, a@max is (within ~1)% the same at the two 
partial pressures of OCS. For a given composition of a 
binary mixture, ana: is thus independent of the total 
pressure in the cell. 


(b) The [-Doublet Line 


The Stark effect of the J=1—2, AM=+1 rota- 
tional transition of OCS in the excited bending de- 
generate vibration (/-doublet) is treated in details 
elsewhere. For the lower (1;') component of the 
doublet, the frequency displacement »—v(E) of the 
Mth Stark component from the unsplit line, and the 
ratio Ry are: 


vo— vu (E) =[368+-34.5(M+1)? 10+E*} 
—[40.9+-310- 10 M*E*}!— 12.78 Mc, 
Ru=yog(2+M) (34M). (17) 





(16) 
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" ; (10 mm Hg) 
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Fic. 5. The half-width, a, of the 1; component of the /-doublet 


of *O"C®§ as a function of the pressure in the cavity absorption 
cell for a pure OCS sample. 








Herein, the + sign convention is the same as used in 
Eq. (13). 

The line is thus split into three components having 
relative intensities of 0.6, 0.3, and 0.1. The order of the 
Stark effect changes uniformly from second at low 
fields ($10 v/cm) to first at high fields (>>100 v/cm). 
At all fields the frequency displacement, »—vau(£), 
of the components with Ry=0.6 and 0.1 is 7-10 times 
larger than the displacement of the Ry=0.3 component. 
A complete splitting of the line is readily obtained at 
fields stronger than ~ 150 v/cm. 

By combining Eqs. (8)-(10), and (17), an expres- 
sion is obtained for @max,meas in terms of E, a, and 
Qmax, from which the last two quantities can be deter- 
mined by the methods explained previously. The 
resulting expression for Gmeas,max 1S however, quite 
complicated and not suitable for the application of the 
least square method. Several procedures seem possible 
to simplify this expression. The one followed in this 
investigation was the following. 

The Stark-field dependence of amax, meas WaS measured 
at fields between 50 and 100 v/cm. It can be readily 
shown from Eq. (17) that at these fields; (i) the fre- 
quency displacement »—vu(E) of the Ry-o=0.3 com- 
ponent can be written (error <1%) as: 


vo—vu(E) =A wo=9.00- 10-*E?(1—473- 10-8E*)}; (18) 


(ii) the contribution of the Ry=0.1 component to the 
sum in Eq. (8) is negligible at these fields if the pressure 
is less than ~0.1 mm Hg; (iii) the contribution 6 to the 
sum in Eq. (8) of the Ru=0.6 component is given by: 


BGR wno(1+ A wera), (19) 
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where A yoo is given by Eq. (18), and g by the equa- 
tion: 
g~0.005+ 3 P, 


which can be obtained by numerical computation from 


Eqs. (7), (9), and (17), assuming for K a reasonable 
value of 6.3 Mc/mm Hg. 


With these considerations in mind, the following 


expression is obtained for amax,meas from Eqs. (8)—(10), 
(18), and (19): 


(20) 


Qmax,meas— can 


i" see 
1+A uaa? 3 


This expression can be rearranged to yield @ in terms 
of the remaining quantities. It should be noted [Eq. 
(17) ] that the line is easily split completely by fields 
stronger than about 150 v/cm. The peak intensity 
Qmax is thus determined in the ordinary way. By conse- 
quence the only unknown quantity in Eq. (20) is a. 

The results of measurements on a of the /-doublet 
are summarized in Fig. 5. Each point in this figure is a 
mean value of at least three series of measurements, 
each series containing values of amax,meas at 10 strengths 
of the Stark field. The final value of a in each series of 
measurements was obtained from Eq. (20) by the 
method of least squares. 

From the slope of the a vs P curve in Fig. (5) the 
following value is obtained for K of the /-doublet: 


K=6.1740.23 Mc/mm Hg. 


Within the stated error limits, this value is the same as 
the value obtained for the ground-state line. This result 
is not obvious, as experimental data on the half-width 
of the /-doublet line and a satisfactory theory are lack- 
ing thus far. The present result is, however, not very 
surprising as the good agreement between theory and 
experiment on the power saturation of the J=1—2 
transition of OCS (reference 3, Chap. 6) makes a large 
deviation between the two half-width constants rather 
improbable. 


DISCUSSION 


The various sources of errors contributing to the 
total RMS error in the peak intensities ans, of about 
2% have been discussed in detail elsewhere.** The 
estimated RMS error in the value of K is about 3% for 
the ground-state line, and about 4% for the /-doublet. 
The increase of the error for the latter line has to be 
attributed to larger fractional error in the value of E 
at low Stark fields (see below). 

The most important contributions to the error in 
a (and K) stem from: the error in the pressure 
(~1.5%), the error in the ratio max,meas/Qmax 
(~0.1~), and the error in the strength of the Stark 
field (~1~ at high fields; ~15% at low fields). The 
error due to the pressure drift was eliminated by the 
method described in reference 3 (Sec. 6.1.3). It should 
be noted, that although the error in omas ,meas/Qmax iS VeTy 
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small, its influence on the error in a is not negligible. 
This comes from the fact that not the error in 
Qmax,meas/max but (roughly: see Eqs. (14) and (20)) 
the error in [1—omaz,mess/Qmax} contributes to the 
error in a. Altogether, this contribution was about 1.5% 
in the present investigation. 

The contribution of the Stark field inhomogeneity to 
the error in E is negligibly small in the TEom Stark- 
cavity cell. The error in E is thus completely deter- 
mined by instability of the square-wave generator, sag 
of the square wave, amplitude dependent “zero” 
biasing, and by the error (including reading error) in 
measuring the peak value of the square-wave voltage. 
The fractional error due to improper zero-biasing was 
larger at low fields than at high ones. As a is roughly 
proportional to Z-*, the error in E becomes the largest 
contribution to the error in a. 

By combining the errors in an, and a, the standard 
error in aig, can be estimated to be about 4%. 

In view of the results obtained on the OCS lines, 
the present method looks useful. With some improve- 
ment, especially of the electronic circuitry, a reduction 
of the error in a, and ain to 2 and 3%, respectively, 
seems well possible. However, it is useful to consider 
here in more detail the assumptions underlying the 
present method, particularly in connection with experi- 
mental apparatus. 

The obvious assumption of high Stark field homo- 
geneity is well satisfied in the case of a pillbox shaped 
TEom cavity cell (large diameter to length ratio). In 
the case of an ordinary X-band Stark wave-guide cell a 
correction has to be applied for field inhomogeneity 
near the edges of the Stark septum. Power saturation of 
the gas has to be carefully avoided as it results in a 
M-dependent broadening of the Stark components. 
Moreover, it affects both the half-width and the 
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integrated intensity of the line. For similar reasons, 
the pressure in the absorption cell must be higher than 
about 0.015 mm Hg. At lower pressures, Doppler 
broadening and the resulting decrease of ama: and the 
modification of the line shape violate one of the basic 
assumptions of the method. 

In addition to the properties mentioned above, the 
Stark spectrometer, intended for the application of the 
present method, must be ideal, or put another way, it 
must be capable of measuring both amaz aNd Gmax,meas 
with high accuracy. Because of the unavoidable stand- 
ing waves, the Stark-waveguide spectrometer usually 
does not satisfy this criterion." The Stark-cavity 
spectrometer used in the present investigation satis- 
fies well the criterion of “ideality,” but only at suffi- 
ciently strong Stark fields. At fields below a certain 
value, difficulties can be encountered from the anoma- 
lous dispersion due to Stark components of the line 
(reference 3, Sec. 3.3). In short, these difficulties 
originate from the property that Stark modulation 
modulates not only the absorption but also the dis- 
persion. The latter modulation results in a periodical 
shift of the resonance frequency of the cavity. In order 
to avoid these difficulties, especially with stronger lines, 
the Stark field must be sufficiently strong to make 
Omax,meas/Omax> 0.5. 
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Proton Magnetic Resonance Studies of Some Silicones* 
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Proton magnetic resonance techniques have been used to study the molecular motions occurring in some 
dimethy] silicones. The substances investigated were cured Silastic 80, 400 Gum, and 200 Fluid (viscosity 
grade 20 centistokes at 25°C). Measurements were made of the absorption line shape from 77°K to room 
temperature, and of the spin-lattice relaxation time, 7:, from 160°K to 415°K. Evidence is found for the 
existence of methyl group reorientation about the triad axis, segmental motions about the Si—O bonds and 
a form of intramolecular “spiral” motion of the (CH;)2Si groups. The relation of the latter motion to the 
difference in macroscopic properties of natural and silicone rubbers is discussed. 





1. INTRODUCTION 


HE silicones studied here have the molecular 
structure 


CH; |) CH; 
| | 
CH;—|Si—O] —Si—CHs. 
| | 
CH; }, CH; 


It is known that many such substances retain their 
characteristic elastic properties down to temperatures 
of the order of — 100°C, and this has been attributed to 
ease of rotation about the Si—O bonds.' Previous 
measurements down to —50°C,! by the methods of 
nuclear magnetic resonance, revealed a very narrow 
proton absorption line and indicated the presence of 
relatively free molecular motions. The present investiga- 
tion was undertaken to characterize in more detail the 
nature of these motions. 


2. EXPERIMENTAL DETAIL 


The proton absorption line shape was studied from 
liquid nitrogen temperature upwards for three sub- 
stances: cured Silastic 80 rubber, 400 Gum, and 200 
Fluid. The grade of 200 Fluid used had a viscosity of 
20 centistokes at 25°C. In addition, the proton spin- 
lattice relaxation time was measured for the 400 Gum 
and 200 Fluid between approximately 160°K and 
415°K. The samples of all three silicones were supplied 
by the Dow Corning Corporation. The Silastic 80 was 
cured for 24 hours at a temperature of 250°C prior to 
investigation. 

The apparatus used has been described previously. 
The line-shape studies were made with a regenerative 
spectrometer,’ operating at a frequency of 26.5 Mc/ 
sec, corresponding to a magnetic field of 6300 gauss. 


* Assisted in part by the U. S. Office of Naval Research and by 
Grants-in-Aid from the Goodyear Tire and Rubber Company 
and the National Science Foundation. 

+t Now at the Institute of Scientific and Industrial Research, 
Osaka University, Japan. 

1 Honnold, McCaffrey, and Mrowca, J. Appl. Phys. 25, 1219 
1954). 

2 Gutowsky, Meyer, and McClure, Rev. Sci. Instr. 24, 644 

(1953). 


Measurements of the spin-lattice relaxation time were 
made with a “spin-echo” type apparatus,’ similar to 
that described by Hahn.‘ These measurements were 
made at 22.1 Mc/sec and a field of 5190 gauss. All the 
relaxation time measurements were made by the 
method of two 90° pulses. 

Two cryostats were used. The line-shape measure- 
ments were made using a variable heat-leak cryostat?; 
the measurements of relaxation time used a gas-flow 
system.® In all cases, the samples were contained in 9- 
mm Pyrex tubes, with a thermocouple inserted in a 
well in the side of the tube. 


3. RESULTS AND DISCUSSION 
A. Line-Shape Studies 


Throughout the entire temperature range studied, 
the proton absorption lines for all three samples were 
simple bell-shaped curves without appreciable struc- 
ture. Since we record the first derivative of the absorp- 
tion line,? the line width is defined, for convenience, 
as the separation in gauss between points of maximum 
and minimum slope. Measured values for the three 
silicones are shown as a function of temperature in 
Figs. 1 and 2. The three curves are of approximately 
the same form. At the lowest temperature observed 
(77°K) the absorption lines were about the same 
width, 4.5 gauss, for all three substances. The 400 
Gum and the 200 Fluid, Fig. 1, show evidence of a 
small; but real, narrowing of the line, starting at about 
90°K. This is not found in the case of the Silastic 80, 
Fig. 2. In the temperature range between approxi- 
mately 150°K and 180°K, all three absorption lines 
narrow rapidly and considerably, the 200 Fluid at 
temperatures about 10° below the 400 Gum and Silas- 
tic 80. The line widths continue to decrease slightly as 
the temperature is raised and, above about 220°K 
are very narrow; at room temperature the 200 Fluid 
has an absorption line only about 2 cps wide, observed 
at resonance frequencies of 16.7 and 40 Mc/sec. 
uw Gutowsky, and Woessner, Rev. Sci. Instr. 29, 55 
EL Hahn, Phys. Rev. 80, 580 (1950). 

5 E, L. Hahn, Phys. Today 6, No. 11, 4 (1953). 


6. R. Andrew and R. G. Eades, Proc. Roy. Soc. (London) 
A216, 398 (1953). 
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The second moments of the absorption lines were 
calculated from the observed line shapes. They exhibit 
a temperature dependence similar to that shown by the 
line widths. The mean values found in the region of 
77°K were 8.4, 8.4, and 7.8 gauss? for the cured Silastic 
80, 400 Gum, and 200 Fluid, respectively. These values 
are small compared to those found for other elastomers. 
For instance, the proton resonance in natural rubber’ 
has a line width of about 9.5 gauss, and a second 
moment of about 18.5 gauss? at liquid nitrogen temper- 
ature. This suggests that considerably more molecular 
motion is occurring in the silicones than in other elas- 
tomers. The proton second moment in natural rubber at 
liquid nitrogen temperatures corresponds to that 
predicted for a “rigid lattice.” The smaller value in the 
silicones may be ascribed to rotation of the methyl 
groups about their C; axes. 

A single, rigid methyl group will contribute 21.4 
gauss? to the second moment, assuming tetrahedral 
angles, and a C—H bond length of 1.10 A® with the 
corresponding inter-proton separation of 1.796 A. 
Rotation of the group about the triad axis would reduce 
this value by a factor of four,® giving a contribution of 
5.4 gauss.? The contributions arising from the inter- 
actions between protons in different methy] groups, and 
between protons in different molecules cannot be 
evaluated exactly. However, the results for substituted 
methanes having (CH;)2C groups, and the absence of 
structure in the low-temperature line shapes indicate” 
that the 2 to 3 gauss? required for agreement with 
experiment is reasonable for the inter-CH; group 
broadening when C; rotation of the CH; groups occurs 
in the silicones. Further support of this interpretation 
results from the likelihood that the barriers to CHs 
group rotation will be smaller in the silicones than in 
the substituted methanes. The Si—C bonds are longer 
than the C—C, so there is less interaction between 
the methyl groups in (CHs;)2Si than in (CH;)2C. The 
barriers in substituted methanes having the latter 
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group are barely large enough,"~4 kcal, to prevent 
CH; group rotation from narrowing the proton reson- 
ance at liquid nitrogen temperature and, therefore, such 
narrowing is probable in the silicones. 

There is evidence of at least two additional types of 
molecular motion, corresponding to the narrowing of 
the line at 90°K and near 160°K. The two most likely 
mechanisms are rotation of the Si(CHs)2 groups about 
the Si—O bonds, and some form of translational motion. 
We might expect this rotation to affect the resonance 
line in much the same way for all three substances. 
On the other hand, the translational motion should, 
presumably, decrease in importance as we proceed 
from the Fluid, through the Gum to the Silastic. It is 
tempting, therefore, to ascribe the slight narrowing at 
90°K to translational motion, and the major narrowing 
near 160°K to the onset of rotation about the Si—O 
bonds. The measurements of the spin-lattice relaxation 
time confirm this hypothesis. 


B. Spin-Lattice Relaxation Studies 


The proton spin-lattice relaxation time 7, was 
measured for the 400 Gum and the 200 Fluid, and the 
values observed up to room temperature are shown in 
Fig. 3. A few measurements were made at higher tem- 
peratures, up to about 415°K on both Gum and Fluid; 
the observed values fitted closely the extension towards 
higher temperatures of the linear portions of Fig. 3. 
In the figure, the measured values are plotted against 
the reciprocal of the absolute temperature. The relaxa- 
tion time of the Gum shows a minimum which is not 
observed for the Fluid. The lowest temperatures at 
which measurements were made were 160°K for the 
Gum and 180°K for the Fluid. Measurements at 
temperatures lower than this are made difficult by the 
increased line width. In the case of the Fluid, the induc- 
tion decay following the 90° pulse changed shape at 
temperatures below 180°K, indicating a change in 
line shape. 

The most interesting feature of this studyis the 7; 
minimum value of 135 msec observed at 190°K for the 
400 Gum. Neither CH; group reorientation nor random 
molecular tumbling of the CH; group can account for 
the value found. A strong argument against CH; 


S HTT Woessner, Farrar, and Gutowsky, J. Chem. Phys. 
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Fic. 3. The proton spin-lattice relaxation time, 71, as a 
function of the reciprocal temperature, 10°/7, for 400 Gum and 
200 Fluid. 


group reorientation is that it is fast enough at 77°K 
to produce the characteristic } reduction in second 
moment, so it would be much too fast at 190°K to 
contribute to 7;. A quantitative argument is provided 
by the expression for the spin-lattice relaxation caused 
by this motion.” Assuming any tumbling of the mole- 
cule as a whole occurs so slowly as to be negligible, 
the relation is® 


(1/71) = (9y°R?/40) Dor j*{[r-/(1-+er?r2) J 
+[4r./(1+-4e’r2) J}, (1) 


where 7, is the correlation time for the CH; reorienta- 
tion, wo is the angular resonant frequency, 1; is the 
interproton separation, and ¥ is the proton gyromagne- 
tic ratio. 

This expression has a minimum value when wor,= 
0.6158, the minimum value of 7; then being given by 


(1/71) min= 0.3206 (-y*h?/wo) Dor j-*. (2) 


If we insert the interproton distances calculated above 
for the methyl group, this leads to a 7; minimum of 
12.8 msec,“ much less than the observed value of 135 
msec. Moreover, in at least two cases, t-butyl chloride 
and methyl chloroform, where there is independent 
evidence that CH; group reorientation should dominate 
the proton 7;, minima of about 7.5 and 15 msec have 
been reported," in good agreement with the predictions. 
Reorientation of the methyl groups cannot, therefore, 
be the dominant relaxation process for the minimum 
observed in the 400 Gum. Nor can the latter arise from 
random tumbling of the CH; groups, because the 
predicted 7; minimum is also much too small, being 
only $ the value for C; reorientation." Rotation of 


(1958) O. Stejskal and H. S. Gutowsky, J. Chem. Phys. 28, 388 
958). 

13In reference 11, the left-hand side of Eq. (5) should be 
1/r ez instead of r¢. 

“In reference 11, on p. 58, the value predicted for the 7; 
minimum in ¢-butyl chloride should be 11.5 msec rather than 23 
msec as given. 


\ 


the (CHs3)sSi groups about the Si—O bonds is also 
unlikely to produce the minimum. This is a special type 
of molecular tumbling; the principal interproton 
distances would again be those within the methyl 
group, leading to a value for the minimum much 
smaller than that observed. 

Some form of “translational” motion is the most 
likely mechanism. Here the important interproton dis- 
tances are greater and the effective amplitudes of mo- 
tion smaller, making this an inherently weaker relaxa- 
tion process. Indeed, this type of motion may give 
minima of the order of seconds." The exact nature of 
the “translational” relaxation mechanism is rather 
indeterminate. It will probably be mainly intramolecu- 
lar and involve movement relative to one another of 
protons in different segments of the same molecule 
with some contribution from interactions between 
protons in different molecules. Such an intramolecular 
process is reasonable. It is known that the silicone 
molecules are very flexible," and at rest assume a coiled 
form, temperature changes making the molecule coil 
more tightly or straighten out slightly. The process 
would then consist of a thermally activated extension 
and contraction of the molecular chain similar to the 
oscillations of a spring. Besides the translational mo- 
tions of the (CHs;)2Si groups there would be a rotational 
component similar to a torsional oscillation of large 
amplitude. The individual (CH;)2Si groups experience 
an approximation to a spiral motion. 

The straight-line portions of the 7; vs 1/T curves in 
Fig. 3 correspond to Arrhenius plots of rate constants.*"" 
Assuming only one significant thermally activated 
relaxation process, we obtain the activation energy 
of the process from the slope of the line. In this manner 
values of 1.8 and 1.9 kcal/mole are found for the Gum 
and Fluid, respectively. The fact that these values are 
so similar is interesting and informative. If the relaxa- 
tion were produced mainly by interactions between 
molecules, then the values for the Gum and the Fluid 
should differ considerably, because of their widely 
differing viscous properties. However, if the effect is 
principally intramolecular, that is, due to interactions 
between protons in different segments of the same 
molecule, we might expect the two activation energies 
to be approximately equal. 

Equation (1) predicts that the 7; curves shown in 
Fig. 3 should be linear on either side of the minimum. 
The observed values, however, deviate from this at the 
lowest temperatures, especially in the case of the 
Gum. The results for the Gum show that, in this temper- 
ature range, the methyl group reorientation is be- 
coming slow enough to have a significant effect on the 
relaxation. 


C. General Comments 


A comparison of the line width and 7; data provides 
further evidence about the nature of the motions and 


%# R. R. McGregor, Ind. Eng. Chem. 46, 2323 (1954). 
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their dependence upon molecular structure. It may 
easily be shown that the spiral motion postulated is 
not responsible for the rapid narrowing of the lines 
at about 160°K. From the 7, minimum in the curve 
for the Gum, using Eq. (1), we obtain a value of 4.4X 
10~ sec for the correlation time of the motion at 190°K, 
the temperature of the minimum. This leads to a corre- 
lation frequency, », of 1.610’ cps at 160°K. If we use 


the criterion that the absorption line is narrowed, when " 


the correlation frequency is of the order of the line 
width® (2.210! cps), we see that this mechanism 
should narrow the line at a much lower temperature. 
In fact we should expect the narrowing to begin at 
about 80°K, which is close to the temperature at which 
the slight narrowing is observed (90°K). We may, 
therefore, attribute the narrowing of the line in this 
region to the spiral motion. 

We might, rather naively, expect such motion to 
decrease in importance as we proceed from the Fluid 
to the Gum to the Silastic, and this is observed. Indeed, 
there is no evidence of any narrowing of the absorption 
line of the Silastic 80 between 80°K and 150°K, other 
than that produced by the methyl group reorientation. 
Moreover, the line width differences have their counter- 
part in the 7; data. The line width for the Fluid narrows 
by a greater amount and at lower temperatures, in 
the 80° to 150°K region, than for the Gum. In a similar 
manner, the 7; data in Fig. 3 for the Fluid show that it 
has a 7; minimum which is both smaller and at a 
lower temperature than for the Gum. The conclusion 
is that the amplitude of the rotational or torsional 
oscillation component of the spiral motion is greater 
in the Fluid than in the Gum, which is reasonable. 

The principal narrowing of the line at about 160°K 
may be ascribed to random motions of chain segments 
and rotation of the Si(CH;)2 groups about the Si—O 
bonds. However, there is no evidence that these mo- 
tions are significant proton relaxation mechanisms 
even at temperatures as high as 400°K. In order for this 
to be so, both the frequency factor and the activation 
energy for the motions must be rather small. We know 
that at 160°K, the correlation frequency of the motions 
is of the order of the line width (210 cps), while at 
about 400°K it must have such a value that, when 
inserted into the appropriate equation similar to Eq. 
(1), it is still too slow ($10 cps) for the motions 
to shorten the relaxation time. These two criteria enable 
us to establish upper bounds to the frequency factor 
and activation energy for the motions. The values 
obtained are 10° sec— and 3.5 kcal/mole. A low activa- 
tion energy for the motions is to be expected because 
of the wide spacing between segments, due to the large 
bond lengths and the presence of the oxygen atoms. 
The low-frequency factor probably reflects the necessity 
for the chain segments to have fairly specific configura- 
tions before they can tumble about. 

The results obtained here for the dimethy] silicones 
may be compared to those obtained for natural rub- 
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ber.'7"67 In general, the line width for rubber is 
narrowed in two temperature regions.’ The low- 
temperature narrowing, at about 150°K, is attributed 
to CH; group reorientation, and is found to be in- 
hibited by curing and vulcanization. The second line 
narrowing occurs in the region of 220°K, and has been 
assigned to segmental motion. Proton 7; measure- 
ments” made on natural rubber at a resonant fre- 
quency of 20 Mc/sec exhibit a minimum of about 20 
msec at temperatures in the vicinity of 300°K, depend- 
ing upon the extent of curing and vulcanization. This 
T, minimum is associated with the segmental motions 
which produce the high temperature line narrowing. 
There is no evidence of a contribution to 7; or to the 
line narrowing from motions other than C; rotation of 
the CH; groups and random tumbling motions of the 
chain segments. Moreover, for the segmental motions, 
the frequency factors and activation energies obtained 
from the 7, measurements are significantly greater 
for natural rubber than those for the silicones. For the 
former, the frequency factors range from 10” to 10% 
sec! and the activation energies from 5.1 to 7.8 kcal/ 
mole. 

A comparison of the NMR results for natural rubber 
with those for the silicones supports the interpretation 
given here for the latter. The discussion of 7; in Sec. 
3B assumes that each type of motion is described by a 
single correlation time. If there were a distribution of 
correlation times, say for the CH; group reorientation, 
the resultant 7; minimum would be larger than other- 
wise predicted.” However, a very broad distribution 
of correlation times is needed to explain the 135 msec 
T,; minimum observed for the 400 Gum, and this does 
not seem to be very likely. In natural rubber, the CH; 
groups and chain segments have less mobility than in 
the silicones and, consequently, one would expect 
any distribution of correlation times to be broader. 
Instead, the 7; minimum in natural rubber is very 
nearly that predicted for a single correlation time. 

The structure of polyisobutylene is similar to that 
of the silicones in that alternate carbon atoms along 
the molecular chain each support two methyl groups. 
We might expect, therefore, a corresponding similarity 
in the molecular motions. However, line-shape™ studies 
have indicated considerable differences. Severe inter- 
locking of the methyl groups in polyisobutylene inhibits 
their reorientation. But there is a gradual narrowing of 
the proton absorption at temperature above 90°K 
which indicates the presence of random motions of the 
chain segments and of the methylene groups. At about 
260°K, the line is narrowed fairly suddenly, showing 
considerable motion of the chains, corresponding to the 
glass to rubber transition. The silicones are similar to 


* Holroyd, Codrington, Mrowca, and Guth, J. Appl. Phys. 22, 
696 (1951). 


™ Gutowsky, Saika, Takeda, and Woessner, J. Chem. Phys. 27, 
534 (1957). 


18 J. G. Powles, Proc. Phys. Soc. (London) B69, 281 (1956). 
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polyisobutylene in that the line width change assigned 
to motions of the chain segments occurs at tempera- 
tures very near to the second order transition tempera- 
tures, about 150°K, found in thermal expansion studies 
of the silicones.!® 

Relaxation time data for polyisobutylene” indicate 
the presence of two relaxation processes, one with a 
correlation frequency much greater than that of the 
other. The last process is associated with motion of a 
small number of links in the molecular chain; the slow 
process arises from movement of larger segments, and 
the nuclear magnetic interaction here is mainly ex- 
ternal to the molecule. Both of these relaxation pro- 


19 C, E. Weir, W. H. Leser, and L. A. Wood, J. Research Natl. 
Bur. Standards 44, 367 (1950). 
2 J. G. Powles and K. Luszczynski, Physica 25, 455 (1959). 
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cesses show a considerable distribution of correlation 
frequencies. However, the arguments given in the 
second paragraph above and the relatively sharp 7; 
minimum found for the 400 Gum suggest that a single 
correlation time is sufficient in the silicone. 

The relation to the macroscopic properties, of these 
differences in the dynamic behavior on a molecular 
level of natural rubber and of the silicones and poly- 
isobutylene, is a question meriting further study. Also, 
additional NMR studies of the silicones are required to 
learn whether the spiral motions postulated here are 
generally present in silicones and how they are affected 
by the structure of the silicones. An attractive possi- 
bility is that such spiral motions in the silicones are 
associated with self-diffusion and can account for the 
ability of the Gum to flow very slowly under constant 
stress yet exhibit elastic properties upon sharp impact. 
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Line intensities in the 0-1 and 1-2 rotation-vibration bands of lithium hydride at 7 u have been meas- 
ured. The ratio of the dipole moment to the dipole derivative is u,/(du/dr) re re=1.82.0.3. It is shown that 
the dipole moment of a diatomic molecule approaches the united atom limit as the third power of the 


internuclear separation. 





INTRODUCTION 


N recent years, there has been an increasing interest 
in the determination of absolute infrared absorp- 
tion intensities. In diatomic molecules, the measured 
intensities permit the evaluation of the derivative of 
the molecular dipole moment with respect to the inter- 
nuclear distance. The general problem of the theo- 
retical interpretation of dipole derivatives has by no 
means been solved. The difficulties inherent in a real- 
istic calculation of this quantity were pointed out long 
ago by Robinson! in an examination of the hydrogen 
halides. Since that time, development in the com- 
putational techniques of molecular quantum chemistry 
has progressed to a point where the calculation of the 
dipole derivative for simple systems appears to be 
feasible. It is, therefore, important to attempt experi- 
mental measurement of the dipole derivatives of such 
simple systems. 
Lithium hydride is the simplest stable heteronuclear 
diatomic molecule, and has received a considerable 


* Standard Oil of California Fellow. 
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t Alfred P. Sloan Fellow. 

1D. Z. Robinson, J. Chem. Phys. 17, 1022 (1949); see also 
C. A. Coulson, Valence (Oxford University Press, New York, 
1952), pp. 207 ff. 


amount of theoretical attention.~* In view of the 
difficulties inherent in the construction c* exact wave 
functions for even such a simple system as lithium 
hydride, it is felt that experimental data for observables 
other than the energy will be exceedingly welcome since 
such quantities provide a much more severe test of the 
correctness of the wave functions than the energy 
itself. One such useful quantity is the aforementioned 
dipole moment derivative. Another quantity, which is 
perhaps equally useful for comparison with theoretical 
calculations and which is probably subject to less ex- 
perimental error, is the ratio of the dipole moment to 
the dipole derivative. 
In this paper, we will be concerned with the experi- 
mental determination of this ratio in lithium hydride. 
Our instrumentation has been improved since an earlier 
report.’ As will be pointed out in the following section, 
it is possible to obtain this ratio from a study of the 
relative intensities of the rotational fine structure of the 


2A. M. Karo and A. R. Olson, J. Chem. Phys. 30, 1232, 1241 
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3 Miller, Friedman, Hurst, and Matsen, J. Chem. Phys. 27, 
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rotation-vibration band. One particular advantage, 
which results from this measurement, is that an al- 
gebraic sign is determined whereas in the usual absolute 
intensity measurements only the magnitude of the 
dipole derivative is determined. Furthermore, it is 
considerably easier to obtain relative line strengths 
rather than absolute line strengths for lithium hydride. 

In the case of lithium hydride, it is necessary to work 
at temperatures in the region of 1000°C in order to 
obtain appreciable absorption. This is made evident 
by a consideration of Table I, which gives the vapor 
pressure of lithiur. hydride in equilibrium with metallic 
lithium and hydrogen vapors. The vibration frequency 
of LiH is w= 1406 cm=, and the bands observable in 
this region extend from approximately 1600 to 1100 
cm, The difficulties in obtaining windows for this 
region, which are capable of withstanding the elevated 
temperatures and the chemical reactivity of lithium, 
appear to the authors to preclude the use of standard 
absolute absorption intensity techniques.’ Since tech- 
niques useful for obtaining absorption frequencies at 
high temperatures’ involve the use of a poorly defined 
path length, absolute intensity measurements of 
reasonable accuracy do not seem possible. For this 
reason, we have had to turn to relative intensity 
measurements in order to derive meaningful experi- 
mental data. 

A secondary objective in this work has been to 
develop techniques which may permit the measurement 
of dipole moment data for molecular spécies which are 
thermodynamically unstable at room temperature and 
moderate pressure. Lithium hydride clearly fulfills this 
requirement, and it is hoped that the technique used 
in this study will prove useful in the study of similar 
systems. 


THEORY 


Herman, Wallis, and Rubin*® have considered in 
detail the line strengths in a vibration-rotation band 
of a !Z diatomic molecule and their dependence on the 
potential energy function and dipole moment function. 
These line strengths are shown to depend on the 
influence of rotation-vibration interaction as a result 
of the dependence of the dipole moment on the inter- 
nuclear distance. Herman and Wallis show that the 
square of the vibrational matrix element can be written 
as 


| M,"(m) P=| RY PF,” (m), (1) 
where R,” is a vibrational matrix element for the non- 
rotating oscillator and F,”(m) is a correction factor 
which takes into account the effect of rotation-vibration 
interaction. Correspondingly, the intensity of an absorp- 


6 Overend, Youngquist, Curtis, and Crawford, Jr., J. Chem. 
Phys. 30, 532 (1959). 

7 W. Klemperer and S. A. Rice, J. Chem. Phys. 26, 618 (1957). 

®R. Herman and R. F. Wallis, J. Chem. Phys. 23, 637 (1955); 
Herman, Rothery, and Rubin, J. Mol. Spectroscopy 2, 369 (1958). 


tion line »J—v’ J’ is given by 


8x® Ny sv5” 
3he(2J+1) 


where m is —J and J+1 for the P and R branches, 
respectively. To first order, using a harmonic oscillator 
potential and a linear dipole moment expansion the 
quantity F,°’(m) is given by§ 


F(m)—~[1—26ym, 


where y= 2B,/w, and 6=./(du/dr),,re with u=dipole 
moment. From a comparison of the relative line inten- 
sities in the P and R branches, a value of the sign and 
magnitude of @ can be determined. The ratio of F 
factors for lines in the P and R branch originating from 
the same J level is given by 


PF,” (P)/F.”(R) 
=(1(P)/T(R) [J+ /() IDR) /v(P)]. (3) 


In this expression, it is not necessary to know the 
number of absorbers. It is necessary, however, to know 
the temperature approximately since the correction 
for induced emission is not negligible at the relatively 
high temperatures and low transition frequencies 
encountered in this work. 


I," (m) = | m || Ro” PF (m), (2) 


§ Herman and Wallis give, for this F factor, 
(F)t= {1—26ym[1+ (15/2) by4+-3y—§(b74/8) 
+3(by4/0)(m—1)+ (3/8) (y/0)(m—1)]}. 


The term 2y*m(m—1)=%/J(J+1) arises from the increase in 
internuclear distance with rotational state and is present even in 
the harmonic oscillator approximation. The other terms arise by 
treating the anharmonicity and the cubic term in the expansion 
of the rotation-vibration interaction term —J(J+1)/r? as a 
perturbation A’ = hew.b you? 


where 


a=(1/y)r2; 1=(2B./w.); 


by = [1 —2(5"/b) I(T +1))] 


b is k’/hcw.a!, k’ being the coefficient of the cubic term in the 
expansion of the vibrational a U(r). The perturbation is 
carried out to obtain first order wave functions in the parameter 
b. In the subsequent evaluation of dipole moment matrix elements, 
terms to order y? are kept. The oa f b can be related to y by 
the relation b= (ax/ 2A, where a; is defined by the expansion 
U(r) = heack(1+a¢+---) with £=(r—r,.)/r.. For most molecules 
a; is of the same order of magnitude as 2, so that b is of order +’. 
Therefore, it 7 rs that a first order perturbation treatment in 
b does not yield an expression which will be correct to order +*. 
To obtain an expression correct to order ¥?, it is eae! to 


Uu =f—Te 
and 


go 
to a higher order perturbation in 5, at which point additional 
terms in the perturbing Hamiltonian should also be considered. 
In view of this uncertainty of the expression when terms of order 
¥* are included, we have decided to use the expression known to 
be correct to first order in y: (F)}=1—26ym. There is no real 
justification for omitting the term 2)*J(J+1) since it appears 
even before the perturbation is applied. For the J’s employed in 
this experiment, (J~10) this introduces only a few percent error 
in 6, which is much smaller than the experimental uncertainty. 
The effect of neglecting all of the +* terms introduces some un- 
certainty into the result, but this is very likely smaller than our 
quoted error. 
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TABLE I. Equilibrium pressure of lithium hydride at 1 atmos total 
pressure. 





Temp °K *P,; (atmos) K Prin (atmos) 





1.41X10° 
2.4 X10" 
6.6 X10? 


1.57X107 
9.92107 
8.54107 


2.2 X10- 
2.35X10% 
5.3510" 
1.69X107 7.35X107 1.13X107 
7.94X107 5.78X107 2.0810 


K is given for Li(g) +4H2(g) =LiH (g) 








® Vapor pressure of Li from L. Brewer, ‘‘Chemistry and metallurgy of miscel- 
laneous materials,”” Thermodynamics, edited by L. L. Quill (McGraw-Hill Book 
Company, Inc., New York, 1950), p. 30. Constants used 


LiH bDo° =2.4288 ev 
w= 1405.6 cm=? 
* ©B,=7.513 cm- 


©Do°=4.476 ev 
@We=4395.6 cm! 
B,=60.81 cm 


> R. Velasco, Can. J. Phys. 35, 1204 (1957). 
© G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand Company, 
Inc., Princeton, New Jersey, 1950). 


EXPERIMENTAL 


The general technique used to obtain the spectro- 
grams has been described.’ For the present work several 
modifications are necessary. In order to obtain mean- 
ingful intensity measurements on individual lines it is 
necessary to use an instrument of higher resolving 
power than obtainable with prisms. A Perkin-Elmer 
Model 12 spectrometer was converted in the standard 
manner® for use with a Bausch and Lomb 65X65 mm 
1800 line/in. replica grating. Order separation was 
achieved by use of an Eastman Kodak 240 infrared 
filter. Residual false energy was measured with a 
lithium fluoride shutter. The R branch of the lithium 
hydride spectrum is somewhat overlapped by the 1600 
cm atmospheric water absorption. The intensity 
of this background was decreased sufficiently by 
intense flushing with dry nitrogen. Lines in the funda- 
mental R branch above J=11 could not be measured 
with sufficient accuracy because of their weakness and 
the residual atmospheric absorption. 

The cell is a 5-cm diam, 100 cm long stainless steel 
tube heated by a 46-cm Kanthal wound alundum core 
furnace. Lithium metal is contained in a nickel boat 
located in the central section of the heated tube. 
Hydrogen is admitted and maintained at a total pres- 
sure of one atmos. The hydrogen also serves as a buffer 
gas preventing deposition of solids on the potassium 
bromide windows which are at room temperature. 
Temperatures were measured at the center, and 10 cm 
from one end of the annular space between the furnace 
and steel cell with chromel P-Alumel thermocouples. 
In a typical run, the temperature is 1055°C at the 
center and 970°C 10 cm from the end. The cell is 
heated until the bands are developed to the desired 


®R. C. Lord and T. K. McCubbin, Jr., J. Opt. Soc. Am. 47, 689 
(1957). 
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intensity, then allowed to stabilize for a period of two 
hours before spectra are recorded. In order to use slit 
widths of 0.5 to 1 cm, the spectrum is scanned at 12 
min/100 cm. 

The frequencies of the lines were measured only 
roughly (i.e. to 0.2 cm™), but it was noted that the line 
positions did not agree well with the calculated posi- 
tions using the much more accurate spectroscopic 
constants of Crawford and Jorgensen.” In particular if 
the 0-1 band is used for calibration, the lines of the 1-2 
band are displaced from their calculated position by 
~0.5 cm= on the average. This seems to indicate a 
slight error in one of the anharmonic constants given 
by Crawford and Jorgensen. 


RESULTS AND DISCUSSION" 


The spectrum of lithium hydride is shown in Fig. 1. 
The resolved lines of the 1-2 and some lines of the 2-3 
band are clearly evident as would be expected from the 
relatively high temperature and low vibration fre- 
quency involved. The path length is estimated to be 
26 cm and a LiH pressure of 4.1 mm is calculated using 
an average temperature of 1020°C. 

The equivalent widths obtained from a typical 
spectrum are given in the first column of Table II. 
These were obtained from the measurement of line 
areas with a planar planimeter. The shapes of the 
recorded lines are certainly determined by the instru- 
ment since the slits are an order of magnitude greater 
than the true line widths which are estimated to be 
about 0.06 cm. Due to the large slit widths employed 
compared to the true line widths, wing corrections are 
considered to be negligible. 

Two corrections to the equivalent widths are neces- 
sary before relative line strengths are known. The first 
is due to the fact that many of the lines are not well 
approximated by a linear absorption law. The second 
correction is for induced emission since this quantity 
does vary somewhat with the individual transitions. 

Since the true shape of a line in the present instance 
is determined primarily by pressure broadening there is 
little doubt that the line shape is well approximated as 
Lorentzian. The relation then between equivalent width 
and the actual line strength is given by the well known 
Ladenburg-Reiche absorption law”: 


W = 2ryf( Sl/2ry) 
f(x) =x exp(—x) Lo(x) +hi(x) J, (4) 


where W=equivalent width, S=line strength, y=line 
width, and /=path length. J» and J; are modified Bessel 
functions of the first kind. By using the tables of 


10 F, H. Crawford and T. Jorgensen, Phys. Rev. 47, 932 (1935). 

4 An excellent discussion of the problems involved in the re- 
duction of a spectrogram to line strengths can be found in papers 
by Benedict, Herman, Moore, and Silverman, Can. J. Phys. 34, 
830, 850 (1956); J. Chem. Phys. 26, 1671 (1959). 

#2 R. Ladenburg and F. Reiche, Ann. Physik 42, 181 (1913). 
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Fic. 1. Infrared absorption spectrum of lithium hydride. T=1293°K, pressure=4.1 mm, path length~26 cm. 


f(x) given by Kaplan and Eggers,” values of S/ can be 
obtained from a given equivalent width W provided 
that the line widths are known. 

The modern theory of pressure broadening of lines 
in the microwave and infrared regions is due to Foley“ 
and Anderson.“ A complete calculation of line widths 
by means of this theory is a laborious procedure re- 
quiring a detailed knowledge of the structure of the 
molecules comprising the system. For hydrogen, which 
is the main broadener in these experiments, a complete 
set of the relevant structural parameters is known. 
On the other hand, little is known of lithium hydride. 
It is possible, however, to obtain a reasonable estimate 
of the line width by considering only the LiH dipole— 
H, quadrupole interaction as being responsible for all 
- of the broadening. The line width is then given by'*” 


2y= (n/c) (wQ/h) *(6)*(0.84), (5) 


where m=number of molecules, }=average relative 
velocity, u=dipole moment of radiating molecule, 
Q=quadrupole moment of broadener, and c= velocity 
of light. For LiH at 1293°K broadened by one atmos 
of hydrogen, a value of y=0.05 cm obtains, using a 
dipole moment of 4D for LiH as will be discussed later. 
The “effective quadrupole moment” of hydrogen" is 
0.6 10-* esu cm’. 

These calculations determine an approximate value 
of the line width. In order to convert our equivalent 
widths to line strengths, we have used the tables of 
Kaplan and Eggers and calculated values of S/ for 
assumed line widths from 0.04 to 0.1 cm™. The results 
of these calculations after corrections for induced 
emission are given in the remaining columns of Table IT. 

The corrections for induced emission are made after 
the line strengths are obtained from the Ladenberg- 


(1956) D. Kaplan and D. F. Eggers, Jr., J. Chem. Phys. 25, 876 

“ H. M. Foley, Phys. Rev. 69, 616 (1946). 

% P, W. Anderson, Phys. Rev. 76, 647 (1949). 

16 W. V. Smith, J. Chem. Phys. 25, 510 (1949). 

171, J. Keiffer and A. V. Bushkovitch, J. Mol. Spectroscopy 2, 
558 (1958). 

18 Hirschfelder, Curtiss, and Bird, Molecular Theory of Gases 
and Liquids (John Wiley & Sons, Inc., New York, 1954), p. 1028. 


Reiche absorption law. At the temperature employed 
in these experiments (k7~900 cm™), there is an 
appreciable fraction of molecules in the final state so 
that the intensity is not simply proportional to N,,, but 
instead to N,,,— (dz/ds) Nw». Therefore, even though 
we will compare line strengths of lines originating from 
the same J level, it is necessary to make a correction 
for induced emission since there is a significant differ- 
ence in the population of the final states in the P and 


TABLE II. Equivalent widths and line strengths of lithium hydride. 
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y= 0.06 cm" 








2J +1 


Fic. 2. Ratio of F factors minus 1 vs 2/+1. X and © refer to 
data for the 0-1 and 1-2 bands given in Table II. [1] and A refer 
to an average of several other 0-1 and 1-2 bands not included in 
Table II. The solid lines refer to the theoretical curves for dif- 
ferent values of 0. 


R branches. If S is the line strength that is measured, 
then the strength § which would be measured if there 
were no induced emission is given by 


S= S/[1—(di/d;) exp(—AE/kT)], (6) 


where d; and d; are the degeneracies of the initial and 
final states and AE is the difference in energy of the 
initial and final state. 

This correction requires a knowledge of the tempera- 
ture in the cell. This is not a constant throughout the 
cell, but an average temperature for the cell is sufficient 
as the ratio of the induced emission correction for lines 
in the P and R branches is not extremely temperature 
sensitive. 

The :quantity of interest is 0=y./(0u/dr),,re. Figure 
2 shows the experimentally determined ratios of the F 
factors in addition to the theoretical curves for different 
values of 6. These ratios are computed from the line 
strengths given in Table II (and additional line 
strengths not included in that table) and Eq. (3). The 
data comes from several runs and is indicative of the 
experimental scatter. In this plot, the line widths are 
assumed to be 0.06 cm. Since the lines comprising 
the R branch of the 1-2 “hot” band are extremely 
weak, their equivalent widths are subject to con- 
siderable uncertainty. Therefore, these lines were not 
used but instead lines in the P branch of the 1-2 band 
are compared with lines of the same initial J level in 
the R branch of the 0-1 band. In order to make this 
comparison, it is necessary to correct for the difference 
in population of the ground and first excited vibrational 
levels, and for the approximate factor of two difference 
in the square of the vibrational matrix element. Instead 
of using a “vibrational temperature,” which is the 


average measured. temperature, we have determined a 
correction factor by comparing the ratios of the line 
strengths of corresponding lines in the P branches of 
the 0-1 and 1-2 bands. The average value of this 
correction factor, then enables one to compare relative 
intensities of P branch 1-2 lines with R branch 0-1 
lines. Comparison of 0-1 and 1-2 P branch lines gave 
a “vibrational temperature” very close to the average 
measured temperature (assuming the ratio of the 
matrix elements to be 1:(2)#). Since the observed 
equivalent widths are considerably different in the 
two bands, we consider this a limited verification of the 
assumed line width. 

From the plot shown in Fig. 2 we estimate a value 
for 6 of +1.82-0.3. This is on the basis of a line width 
of y=0.06 cm™. The effect of the uncertainty in 
line widths on @ is shown for the data in Table I in 
Fig. 3. The limits of the lines correspond to the varia- 
tion in the ratio of the F factors as the line widths are 
allowed to vary from 0.04 to 0.1 cm™. 

In order to check the reliability of the data, we show 
in Fig. 4 a plot for the determination of P and R 
branch temperatures in the 0-1 band and P branch 
temperatures in the 1-2 band. Combining all the J 
dependent terms in the intensity of a line, this intensity 
is related to these terms as follows: 


T«[N,,1/(2J+1) | m| F(m) 
or, since 
Nv,s~N,(hcB/kT) (2J+1) exp[—BJ(J+1)/kT], 
Iav|m| F(m) exp—[BJ(J+1)/kT]. (7) 


Therefore, a plot of logio(v | m| F(m)/I) vs J(J+1) 
should have slope B/2.3kT. Since only the slope of the 
lines through the experimental points is significant, we 
plot logio(v | m| F(m)/I)+C where C is an arbitrary 


82.5 
8:20 








(2) +1) 


Fic. 3. Ratio of F factors minus 1 vs 2J +1 for line widths from 
0.04 to 0.1 cm. The vertical lines indicate the variation in the 
ordinate as the line width varies from 0.04 to 0.1 cm™. The 
points X refer to the 0-1 values given in Table II. 
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constant. The solid lines in the graph represent the 
correct measured average temperature. Since the slope 
is sensitive to the value of 0, this plot serves as an 
independent check on the value = 1.8. 

As a further check on the reliability of the data, the 
absolute value of the dipole derivative is estimated 
from absolute intensities of the lines Ps, Ps, and Py, 
of the 0-1 band assuming a line width of 0.06 cm™ 
and @= 1.8. This yields a value of (du/0r),,=1.4D/A+ 
0.1, which when combined with the value of @ gives 
He=4 debye. This is mentioned merely to indicate the 
consistency of the data with the expected order of mag- 
nitude of the dipole moment, and should not be con- 
sidered as a determination of the dipole moment. The 
considerable uncertainty introduced into the dipole 
moment and its derivative as a result of uncertainties 
in the absolute intensity measurements have been 
discussed earlier. 

CHEMICAL CONSIDERATIONS 


In this section, the dipole moment function calcu- 
lated from several models of chemical bonding in LiH 
will be compared with the observed equilibrium value 
of the logarithmic derivative of the dipole moment. 
We shall also show that a general functional restriction 
exists for the dipole moment of a molecule. 

The simplest model for LiH capable of predicting 
dipole moment behaviour is the classical ionic model 
considered in detail by Rittner.” In this model, the 
dipole derivative can be approximated as, 


dp /dr=3e—(2p/r), 
so that 


6=[(3er/u) —2}". 
Since generally u< er, then, 
0<é<1. 


Thus, the dipole moment function of lithium hydride 
near the equilibrium internuclear distance is not well 
described by an ionic model. Agreement with experi- 
ment can be forced by considering the polarizability 
of the ions to be strong functions of the internuclear 
separation. This is rot necessary in fitting the observed 
variation of the dipole moment with internuclear dis- 
tance of the alkali halides, and would detract greatly 
from the simplicity and utility of the classical ionic 
model. 

Recent work by Karo and Olson? is representative 
of the modern valence bond and molecular orbital 
treatments of lithium hydride. Their calculations of 
energy and dipole moment extend over a wide range of 
internuclear separation, and thus permit immediate 
comparison with experiment. The calculated value of 0 
is +4.5. The quality of the calculation is indicated by 
the fact that their binding energy is 66% of the ob- 


19 EF, S. Rittner, J. Chem. Phys. 19, 1030 (1951). 
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Fic. 4. Plot of log [v | m| F(m)/I]+C vs J(J+1). The solid 
lines correspond to the measured temperature. The data is taken 
from Table II. A refers to the 0-1 P branch, X to the 0-1 R 
branch, and © to the 1-2 P branch lines. 
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served value (based on a calculated energy of the 
lithium atom). 

In order to indicate reasons for the divergence from 
experiment, we now consider the general functional 
form of the dipole moment near the united atom limit. 
The matrix elements of the energy of a molecular 
system in a united atom representation are given by 
Bingel,® and we shall refer to his paper and equation 
numbering. In the coordinate system used by Bingel, 
the separated nuclei have zero dipole moment. To 
first order the dipole moment of a molecular state 
derived from the united atom state py is 


= 22> [V 00/(Eo— E,) 1 t00.dr, 


(8) 


where Vo, is an element of the perturbation Hamiltonian 
and z is the coordinate of the electrons along the inter- 
nuclear axis. It is well known that the dipole moment 
operator only connects states differing by unit angular 
momentum. Bingel has shown [see his Eq. (18b) ] 
that the lowest order term in internuclear separation 
for a matrix element involving unit change in angular 
momentum is|| 


Z2. cca 2 D 


The quantities p:,.%°(r=0) and p3%(r) are related to 
the first order transition density matrix and Z, and Z, 
are the nuclear charges. Equations (8) and (9) show 
that the dipole moment of a molecule approaches the 
united atom limit of zero as the third power of the 


Voa= R® 


20W. A. Bingel, J. Chem. Phys. 30, 1250 (1959). 
|| For a system whose united atom limit is an S state p3,o%(r) =0. 
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Fic. 5. Dipole moment (in debyes) of LiH as a function of 
internuclear distance (in atomic units). The dotted line corre- 
sponds to the calculations of Karo and Olsen.? The solid line is 
our estimated curve. 


internuclear separation. The value of p:,0°*(0) for LiH 
will depend strongly upon the exact choice of beryllium 
wave functions, and thus will not be evaluated here.”! 

In Fig. 5 is shown the calculated dipole moment 
function of Karo and Olsen together with our estimate 
of this curve. It seems likely that the dipole moment 
at the equilibrium internuclear distance is less than 


6D, the value calculated by several groups, because of 
the experimental value of 0, and also because of the 
demand that the origin be approached as R*. We have 
fitted the height of our curve to the dipole moment of 
4D, which we obtained from absolute intensity meas- 


21 EF. U. Condon and G. H. Shortley, Theory of Atomic Spectra 
(Cambridge University Press, New York, 1935), pp. 148 for a 
related example. 
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urements but strongly urge caution in regarding this as 
determined experimentally. 


CONCLUSIONS 


This problem was undertaken in order to evaluate 
the present status of theoretical calculations of dipole 
moment functions. The results indicate that wave func- 
tions obtained by applying the variational method 
give qualitative agreement with experiment for an 
observable as sensitive as the dipole derivative. It 
is apparent, however, that a quantitative calculation 
of the dipole moment function of a molecule will be 
an exceedingly complex problem if minimization of 
the energy of the system is the only criterion for choice 
of wave functions. It should be emphasized that the 
calculations of Karo and Olsen were ab initio. It will 
be interesting to compare more semiempirical tech- 
niques when they are applied to lithium hydride. The 
bearing that this work has upon the interpretation 
of experimental dipole derivatives in more complex 
systems is, of course, a subjective question. It does 
seem apparent, though, that the dipole moment func- 
tion is indeed a subtly determined molecular property. 

As far as the problem of obtaining the dipole moment 
function of;a system over the entire range of inter- 
nuclear coordinates is concerned, it appears that 
perturbation calculations around the united atom and 
separated atom limits should be capable of good 
accuracy. These calculations, when supplemented by 
observations in the limited accessible region around the 
equilibrium configuration, should permit construction 
of a realistic molecular dipole moment function. 
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By using purely classical mechanics, the amount of energy AE,;, transferred to an harmonic oscillator 
molecule in a head-on molecular collision of velocity v» is calculated. In the classical limit for small transi- 
tion probabilities, the quantum-mechanical probability per collision of going from the ground state to the 
first excited state is given by Po.1 = (AE vin/hw), where w is the frequency of the oscillator, and AEyj, is the 
energy classically transferred to the oscillator in one collision. This transition probability is integrated over 
a normalized distribution of collision velocities to give an average probability for all collisions (Po.:). 
Finally, (P1.0) is calculated from the law of microscopic reversibility. The result turns out to be the same 
as that obtained by Herzfeld,' who used a quantum-mechanical perturbation treatment and went to the 
classical limit by assuming that the de Broglie wavelength of the molecule colliding with the oscillator is 
small compared to the range of the intermolecular forces. 





I. INTRODUCTION 


‘Pag paper uses essentially the method of Landau 
and Teller.? The purpose of the paper is to show 
that the classical method of calculating energy transfer 
to a vibrating system gives the same result as the 
quantum-mechanical method when all factors are in- 
cluded. Herzfeld’s discussion! of Landau-Teller theory 
is not complete, and the discrepancy he finds between 
classical and quantum theories is eliminated in the 
discussion presented here. 


II. COLLISIONAL MODEL 


A head-on collision model is adopted; oblique colli- 
sions can be accounted for at the end by a “steric 
factor” as Herzfeld has done. A molecule A collides 
with an atom B of the oscillator BC, and the relative 
velocity of collision at infinite separation is %. The 
vibrational amplitude coordinate is y, and the distance 
between the centers of mass is x, as illustrated in 
Fig. 1. 

As Herzfeld points out, the intermolecular potential 
must be a function of y (for, if it were a function of x 
only, the collision would be effectively between point 
masses and no vibrational energy exchange would 
occur). In fact, the probability of vibrational energy 
transfer is intimately related to the dependence of the 
repulsive potential on coordinate y. Since it is well 
known from relaxation measurements that transition 
probabilities (0-1) for most diatomic molecules 
are very low, we may conclude that the intermolecular 
potential is only slightly dependent on y. We therefore 
assume a repulsive potential between molecule A and 
atom B which is exponential in the distance between the 
center of mass of A and atom B. This distance is 


s Work performed at the University of California, Department 


of Chemistry. 
? L. Landau and E. Teller, Physik. Z. Sowjetunion 11, 18 (1936). 
1K. F. Herzfeld, “Relaxation phenomena in gases,” in Thermo- 
dynamics and Physics of Matter (Princeton University Press, 
Princeton, New Jersey, 1955). 


x—[m./(ms+mc) |y, and the repulsive energy is 


V(x, y)= Eo exp| | =-(—7—\y-— cas|l, (1) 


where 


Ej=hiin?, m= [mate , 


mat+mst+mc 


and o,z is the distance between A and B at the turning 
point, and L is a parameter which characterizes the 
steepness of the exponential potential. Since 


rerlom) 
CaB—4¢T ma+me Yr, 


where the subscript T denotes the turning point, Eq. 
(1) becomes 


V(X, Y)= Eyexp(—X/L) exp{[mec/(ms+mc) ]¥/L}, 
(2) 


where X = x—xr and Y= y—yr. The condition that the 
potential is only weakly dependent on Y can be ob- 
tained by assuming the vibrational amplitude is small 
compared to parameter L, so that the exponential can 


be expanded, 
mc FI. (3) 


V(X, ¥)= Bsexp(-X/L){1-(—"—— Z 


The attractive part of the potential is accounted for 
later on by using a modified velocity distribution. 

If the assumption that | Y |XL is fulfilled, then the 
effect of vibrations of BC on the collision trajectory is 
small, and the transition probability is also small. 
Thus, for purposes of finding the trajectory, the po- 
tential neglecting vibrations can be used as a good 
approximation, 


V (X)&Eexp(—X/L). (4) 
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Fic. 1. Collision coordinates. 


Figure 2 illustrates this assumption qualitatively. The 
classical equation of motion, 


dX /dt= (2/m{ Eo— V(X) })}, (S) 


can then be integrated between limits X=0 at :=0 


and X, ¢ by using Eq. (4) for the potential energy. 
The result is 


exp(— X/L) =sech?(9t/2L). (6) 


Since the effect of vibrations on-this trajectory is small, 
Eq. (6) can be substituted in Eq. (3) to obtain an 


approximate potential energy as a function of Y and 
time during the collision, yielding 


V(Y,1)= Ea i+(—")| sech*(nf/2L). (7) 


III. ENERGY TRANSFERRED TO THE OSCILLATOR 


We can now regard the oscillator as driven by a 
force 


F(t)=—(0/0Y){V(Y, t)}. 
Substituting Eq. (7) into Eq. (8), one obtains 
F(t) = (Eo/L) [me/(me+me) | sech*(rt/2L). (9) 


The problem is now simply that of a harmonic oscil- 
lator of reduced mass p=[mgmc/(msg+mc) | and 
frequency w= 277, driven by a transient force depending 
only on time. Green’s method? can be applied to such a 
force to give 


(8) 


V(t)—¥(—»)= LP ()/molJexpCiat)at. (10) 


The net amount of vibrational energy transferred 
to the oscillator is given by 
AEviv=}uw*{| Y(e) P—| ¥(—%). |}. (11) 


| Y(—) |=0, because the oscillator was not excited 
originally. Therefore, 


1 ) 
AE w= (1/2u) | f° F(t) exp(iwt)dt |*. (12) 


The integral in Eq. (12) can be evaluated using Eq. 


3 J. C. Slater and N. H. Frank, Mechanics (McGraw-Hill Book 
Company, Inc., New York, 1947). 


(9) for the force, giving 


AEsu= (Ea/L){ —™ )ca/2n) 


Ma+Mc 


* {[AmwL?/n?/sinh (rwL/r))}*. (13) 


If there are many vibrations during the course of a 
collision, (rwL/v)>>1, and Eq. (13) becomes 


2 
AEs =8ristL*(A/s)(—"-—) exp(—2awL/»). 


(14) 


In classical mechanics, one would say that the 
amount of energy given by Eq. (14) is transferred in 
every collision with relative velocity %. Since this 
quantity of energy is much smaller than a vibrational 
quantum, the quantum-mechanical equivalent of this 
statement is that a whole quantum is transferred in 
only relatively few collisions, and it is physically 
impossible to identify the individual collisions which 
result in an energy exchange. However, for a large 
number of quantum-mechanical collisions, a transi- 
tion probability can be defined per collision by the 
expression 

Po.1= AE, p/w. (15) 

This expression must be integrated over a normalized 
distribution of relative collision velocities along the line 
of centers. The usual Maxwellian distribution is modi- 
fied since the approaching molecules are speeded up in 
a potential well of depth e. The resulting distribution is 


dN/No= (m/KT) exp(—iMn?/2K T)exp(e/KT). (16) 


The resulting average transition probability for all 
collisions is 


ot TEL 
-exp{—$(0/T)*— (0/2T)+(e/KT)}, (17) 


where 0=fw/K and @’= (2mwL)*(m/K). In this equa- 
tion, we have replaced % by an average of velocities 





Dotted line is appoximation of Eq. (4) 


Solid line is actual case 
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Fic. 2. Potential energy vs time in a molecular collision. 
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before and after collision such that the two transla- 
tional energies at infinite separation differ by the 
vibrational quantum. By assuming }in>>hy, the 
factor —0/2T in the exponential is obtained. Now using 
(P1.0)= (Po.1) exp(0/T), and replacing mc/ms by 
3{(ms/mc)+(mc/msg)} to account for the possibility 
of collision of A with C, we obtain 


(P1.9)=2(24/3)3(0'/8) (6°/T)¥6 
| ma, (ms?+-m-*) 


2m smc (ma+ms+mc) 





-exp{—$(0'/T)*+ (0/2T)+(¢/KT)}, (18) 
which is identical with the quantum result of Herzfeld 
after he went to the classical limit. Landau and Teller 
made only an approximate calculation and obtained 
(Pi.o) exp[—$(0/T)*]. (19) 
Both the quantum and classical theories assume: (1) 
that there are many vibrations during the course of a 
collision; (2) that the quantum of vibrational energy 
transferred is small compared to the relative kinetic 
energy of collision; (3) that the vibrational amplitude 
is small compared to the range of intermolecular forces. 
In addition, the quantum theory reduces to the classical 
result when one assumes, as Herzfeld did, that the de 
Broglie wavelength for the collision is small compared 
to 4x°L. Since it turns out in many actual cases that 
this fourth assumption is better than the other three, 
it may be concluded that it should be more fruitful to 
extend existing treatments to additional potentials 
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using the classical method, because it is simpler and 
gives better insight into the assumptions involved. 

The same result obtained in Eq. (18) could have 
been obtained by a very simple time-dependent per- 
turbation treatment. If a quantum-mechanical oscil- 
lator is initially in the first excited state and has only a 
slight transition probability of going to adjacent states, 
then the usual theory of time-dependent perturba- 
tions shows the translation probability to be propor- 
tional to the square of the w-Fourier component of the 
perturbation energy, analogous to Eq. (12). By using 
Eq. (7) to obtain the perturbation energy, one obtains 
the result that the perturbation energy is proportional 
to the Y-matrix element between initial and final 
states of the harmonic oscillator. This shows that to the 
approximation that the potential is linear in Y only 
transitions to adjacent states are allowed, in the same 
manner that dipole emission selection rules are derived. 
The method very briefly is as follows. Since initially the 
oscillator is in its first excited state, the initial wave 
function for the oscillator is ¥,. After collision, the 
wave function is ¥;,=2a,¥,, and, in our case, ¥;~ 
Wi+ag%. Then 


Pram | 00|2=| (—i/h) fH exp ita 


(20) 
and 


me 


The net result of the integration, keeping all the 
proportionality factors, is Eq. (18). 
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Ultraviolet Resonance Spectrum of the Iodine Molecule* 
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The ultraviolet resonance spectrum of Iz observed in electric discharges in the region 1830-2370 A has 
been photographed at high resolution with a 21-ft vacuum grating spectrograph, and a thorough and com- 
plete analysis of the data in this region is given. The five doublet resonance series are shown to be excited 
from: five rotational levels of vibrational level »’’ =0 of the ground state of I; to three vibrational levels 
(2n’, Mn+0') M44) Of an upper electronic state by a single iodine atomic line 1830.4 A. The rotational con- 
stants for the ground state of I; may be represented: 


B,=0.03734—0.0001208 (v+4$)+0.444X 10-*(0+-4)*— 1.839 X 10-*(0-+3)*—0.057 X10-%(9+4)* = (1) 
D,=1.99X10-+1.236X 10-°(0+3). (2) 


The ground-state AG(v+ 4) values have been obtained from v” =0 up to the dissociation limit. A precise 
value of the dissociation energy of Iz, has been found to be 12 452.5+1.5 cm™ as against the previous value 
of 1243928 cm-. 

The potential energy curve of X 'Z,+ has been computed by using the Rydberg-Klein-Rees method 
after modifying its final expressions, right up to the dissociation limit, and certain curious features in the 
neighbourhood of the dissociation limit are pointed out. The curve follows the van der Waals force law 
c/r® between r=4.6 A and r=6.4 A with c=3.7X10. Various possibilities for the nature of the upper elec- 


tronic state are discussed. 





INTRODUCTION 


LDENBERG! studied the fluorescence spectrum 

of I, in the ultraviolet region, excited by various 
atomic lines, and discussed the results in a qualitative 
way. From the work of Asagoe,? and Kimura and 
Tonomura’ it has been known for a long time that in 
the same region as that studied by Oldenberg, a series 
of I, resonance lines, excited by iodine atom emission 
lines, are observed in electric discharges through iodine 
vapor. Kimura and Tonomura gave an analysis of this 
spectrum after photographing it in the region 2050- 
2370 A with a Hilger EZ, quartz spectrograph and re- 
ported this resonance spectrum as excited by the 
iodine atomic lines 1830.4 A and 1844.5 A. They also 
photographed the spectrum down to 1783 A with a 
small fluorite spectrograph and indicated in the pub- 
lished spectrum short and weak resonance series 
excited by iodine atomic lines 1782.9, 1799.2, and 1876.4 
A, together with the extension of those excited by 
1830.4 and 1844.5 A. No data were given below 2050 A. 
The process of excitation could not be decided uni- 
quely. The present author also repeated the experiment 
in India by using a Hilger £, quartz spectrograph. The 
preliminary analysis of the spectrum showed that the 
analysis could be improved and further definite knowl- 
edge about the ground electronic state of I, could be 


* This work was assisted by the Geophysics Research Di- 
rectorate of the Air Force Cambridge Research Center under 
Contract No. AF 19(604)-3478 with the University of Chicago, 
and the preliminary work by the Council of Scientific and In- 
dustrial Research, Government of India, under the research 
scheme sanctioned to Dr. P. Venkateswarlu at the Muslim 
University, Aligarh, India. 

10. Oldenberg, Z. Physik 18, 1 (1923). 

2K. Asagoe, Sci. Repts. Tokyo Burnika Daigaku 2, 9 (1935). 

3M. Kimura and K. Tonomura, Pieter Zeeman (Martinus 
Nijhoff, The Hague, Netherlands, 1935), p. 241. 


obtained, if the spectrum were photographed with a 
high resolution instrument down to 1700 A. Hence the 
study of this spectrum was continued in this laboratory 
and the results are discussed in this paper. 


EXPERIMENTAL 


Various conditions of the discharge were tried to 
excite this resonance spectrum and a high-frequency 
(2450 Mc/sec) discharge was found to be an efficient 
method. The source of iodine vapor was kept at 0°C 
and the vapor was pumped off continuously by a 
mechanical pump during the exposure time and the 
discharge tube was cooled with a fan. The exposure 
time ranged from 10 to 90 minutes. Ilford Q: photo- 
graphic plates were used. The spectrum was photo- 
graphed in the region 1700-2060 A in the third order 
of a 21-ft vacuum grating spectrograph having a 
grating with 30000 lines/inch. The Ge atomic spec- 
trum‘ was used as the standard for the measurements. 
The region 2000-2400 A was photographed in the 2nd 
order of the same instrument and copper and iron 
atomic lines were used as reference spectra for meas- 
urements. The measurements were made with an SIP 
comparator. The accuracy for sharp lines was +1 mA, 
but for the weak lines and for those which were over- 
lapped by other lines, the error ranged from +3 mA 
to +6 mA. The wavelengths measured were vacuum 
wavelengrhs (Avec); Avae Values for the standard lines 
above 2000 A were obtained with the help of Edlen’s 
table.5 The wave numbers of the resonance lines, 
along with their analysis, are given in Tables I to IV. 


4 Meissner, Van Veld, and Wilkinson, J. Opt. Soc. Am. 48, 1001 
(1958). 
5 B. Edlen (private distribution, 1952). 
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RESULTS 


The spectrum consists of groups of sharp lines which 
are repeated at intervals from 1830 A to 2370 A. On 
the lower frequency side, the spectrum converges to a 
sharp limit [Fig. 1(g)] followed by a maze of lines. 
Each group of lines consists of doublets which form 
doublet resonance series. The intervals between the 
members of the individual series correspond to the 
vibrational quanta of the ground electronic state of 
iodine molecule. In all, five doublet series are found to 
be excited. In individual resonance series, a number 
of the members are very weak or missing in accordance 
with the wave-mechanical formulation of the Franck- 
Condon principle. It is found that these resonance 
series involve the ground state of I, for their lower 
electronic state. The resonance doublets in some of the 


TABLE I. Doublet series I.* 








R(86) P (88) 
cm! cm7! Avobs 





g 
Oo 


-93> 54 619.23 13.70 
54 196.55 12.75 
53 778.10 12.87 
53 570.76 12.74 
53 364.58 12.71 
52 955.92 12.90 
52 753.47 
52 552.47 
52 353.06 
52 153.63 
51 957.61 
51 567.74 
51 183.36 
50 804.39 
50 431.19 
49 882.10 
49 523.07 
49 182.37 49 170.35 
48 836.42 48 824.88 
48 665.78 48 654.08 
48 329.16 48 317.90 
47 998.28 
47 826.02 
47 506.68 
47 194.70 


54 
54 209.30 
53 790.97 
53 583.50 
53 377.29 
52 968.82 
52 766.16 
565.43 


TABLE II. Doublet series IT. 





R(45) 
cm"! 


P (47) 
cm7 


> 
o 
rs 


: 





54 640.09 


a 
53 795.14 
53 380.37 
53 174.92 
52 970.54 
52 565.43 
52 365.45 
52 166.31 
51 968.68 
51 577.60 
51 191.32 
50 810.84 
50 436.17 
50 067.14 
49 884.77 
49 524.02 
49 170.35 
48 822.50 
48 650.93 
48 312.96 
47 981.42 
47 818.31 
47 497.03 
47 183.10 
47 028.90 
46 726.16 
46 286.74 
46 003.70 
45 865.42 
45 595.23 
45 463.47 
45 206.40 
45 081.98 
44 722.08 
44 385.07 
44 278.00 
43 973.17 
43 877.32 
43 606.52 
43 522.22 
43 214.56 
43 145.16 
43 078.75 
42 842.88 
42 791.24 
42 742.79 


54 632.93» 
54 208.12¢ 
53 788.31¢ 
53 373.53 
53 167.90 
52 963.77¢ 
52 558.96¢ 
52 358.60¢ 
52 159.93 
51 962.20° 
51 570.80¢ 
51 184.77¢ 
50 804.39 
50 429.86¢ 
50 060.80 
49 878.35¢ 
49 517.75¢ 
49 164.16¢ 
48 816.30¢ 
48 644.92 
48 306.86¢ 
47 975.53¢ 
47 812.39 
47 491.09¢ 
47 177.31° 
47 023.09¢ 
46 720.37 
46 280.96 
45 998.12 
45 859.84 
45 589.66 
45 457.89 
45 201.30 
45 076.64 
44 716.84 
44 379.95 
44 272.94 
43 968.41 
43 872.50 
43 601.90 
43 517.62 
43 210.25 
43 141.05 
43 074.56 
42 838.88 
42 787.45 
42 738.92 


VO EPP PRAAAMANAAANMAA MAMMA ANNAN A ANNAN ANNA AIAN >! 
BISSHLSSSSRSRLSS4SSSSSSRSSSSSSNSKSRASESASASES a 


OOD Eh ERMAN AAA AMAR AA ANA AANA AANA AAA AAA A ANN 
SHRANBASSRSSRASELSASSSSSRSASVSRSESLASAASHasSE G 





® This line is masked by the atomic line 1844.5 A. 
b Exciting line (iodine atomic line 1830.4 A). 
© These lines are blended with those as marked * in series III. 


47 041.38 


series, could be identified up to the vibrational level 
v’=84 of the ground state without any difficulty. 
Though the resonance series extend up to the dissocia- 
tion limit of the ground state, v’ values could not be 
independently identified above v’=84 because of 
the overlapping of the various series and also because 
of larger gaps due to missing doublets in the series. 
Microphotometric traces of the resonance doublets 
for certain »” values are given in Fig. 1. The five 
doublet series are marked I, II, III, IVa, and IVb. 
The P line of series II and the R line of series III over- 
lap each other for lower v’’ values and could be resolved 
only after v'’=42. Thus below v’=43 the doublets of 
series II and III together give the appearance of 
triplets. A similar kind of overlap is observed for the 


as 
este 


BESBSEELE 
SES8s 
SSSORSeS 


RE 
Ssoeaseare 
BSSé 


me 
Fone 


43 093.10 
42 789.32 
42 749.26 


O11 1 OOO OHSS 
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P| 
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® For explanation of the missing lines, see the text. 
b Exciting line. 





TABLE III. Doublet series ITI. 





R(48) 


cm™ 


P(50) 
cm! 


> 
°. 
¥ 





54 632.93* 
54 208.12* 
53 788.31* 
52 963.77* 
52 760.68 
52 558.96* 
52 358.60* 
51 962.20* 
51 570.80* 
51 184.77* 
50 804.39* 
50 429.86* 
50 060.80* 
49 878.35* 
49 517.75* 
49 164.16* 
48 816.30* 
48 644.92* 
48 306.86* 
47 975.53* 
47 812.39* 
47 491 .09* 
47 177.31* 
47 023 .09* 
46 720.89 
46 281.51 
45 998.65 
45 860.43 
45 590.30 
45 458.60 
45 202.03 
45 077.37 
44 717.58 
44 380.77 
44 273.84 
43 969.27 
43 873.47 
43 603.04 
43 518.79 
43 211.48 
43 142.24 
43 075.97 
42 840.77 
42 789.32 


54 625.76 
54 200.84 
53 781.05 
52 956.45 
52 753.47 
52 551.73 
52 351.36 
51 955.02 
51 563.80 
$1 177.83 
50 797.44 
50 422.97 
50 054.06 
49 871.78 
49 511.18 
49 158.02 
48 809.82 
48 638.32 
48 300.52 
47 969.32 
47 806.13 
47 485.28 
47 171.10 
47 017.09 
46 714.67 
46 275.47 
45 992.66 
45 854.54 
45 584.38 
45 452.73 
45 196.31 
45 071.52 
44 711.96 
44 375.36 
44 268.43 
43 964.12 
43 868.42 
43 598.18 
43 513.94 
43 207.00 
43 137.62 
43 071.63 
42 836.57 
42 785.33 
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three different vibrational levels (v,’, tn41', M44’) of the 
upper electronic state. Unfortunately the resonance 
doublets at 1830.4 and 1844.5 A are overrun by the 
Rowland ghosts of these atomic lines of the iodine atom 
and hence only a few resonance series lines could be 
measured in this region and others were masked by the 
ghosts. 

The process of excitation is explained in the energy 
level diagram (Fig. 2). This process of excitation re- 
quires that the following relations hold good: 


F" (24) — F" (23) = F’ (25) — F’ (22) 
48 Bo’ =144B, 
F"' (48) — F’ (47) = F’ (49) — F’ (46) 
96 Bo!’ = 288Bn41'=288B,’. 


(The effect of a’ falls within the width of the ex- 
citing line) and 


F" (47) — F" (23) =an’— (wx) n’+ F’ (46) — F’ (22) 
F’’ (86) — F’’ (48) = {4e,’— 16(wx) ,’+ F’ (87) } 
— {w,’— (wx) n’+ F’(49) }. 


TaBLe IV. Doublet series IVa and IVb. 








P(23) 
R(21) R(24 
cm7! cm=! 


y 
e 
5 





54 211.21 
53 790.97 
53 375.75 


52 965.48 
52 359.87 


Sas 


54 208.12 
53 787.62 
53 372.45 
53 166.83 
52 962.17 
52 356.46 


i i Go 
ar 


52 160.49 52 157.33 


OP A ER PR ANAM AA NAMA AD NANA NN AN ANNAN AA IAIN 
RSSeSSRRAUARSRNSSSSRNARERNE SHR SURSRRSERELSRS 
SATEESSREHSRESAAKSSSSRRSSHERLSSASRRESEGEEISSSS 


OPE PAAR AAAMANMANMRD NAN ANANA AN ANNAN AD ANAAANANN 


0 

2 

4 

8 

9 
10 
11 
13 
15 
17 
19 
21 
23 
24 
26 
28 
30 
31 
33 
35 
36 
38 
40 
41 
43 
46 
48 
49 
51 
52 
54 
55 
58 
61 
62 
65 
66 
69 
70 
74 
75 
76 
80 
81 
82 


42 740.67 42 736.80 





® Exciting line. 


other two doublet series [Va and IVb which could be 
resolved only for the last member identified (v’’=74). 
The separation between the P line of series II and the 
R line of series III is found to increase slowly with v”. 
This feature together with the fact that the P line of II 
and the R line of III coincide for the lower values of 
v’’, shows that the doublet-series IT and III are excited 
to the same vibrational level of the upper electronic 
state by monochromatic radiation which coincides with 
the P line of II and the R line of ITI for a certain low 
v” value. A similar conclusion is valid for the doublet 
series IVa and IVb. According to the analysis it was 
found that all the five doublet series are excited by the 
single iodine atomic line 1830.4 A which is the reso- 
nance line of the iodine atom and is strongly excited 
in electric discharges. The 1830.4 A atomic line excites 
the five doublet series from five rotational levels of 
the vibrational level v’’=0 to the rotational levels of 


51 570.80 
51 184.77 
50 803.56 
50 428.52 
50 059.02 
49 876.41 
49 515.44 
49 161.21 
48 812.73 
48 302.42 
47 970.58 
47 807.27 
47 485.28 
47 171.10 
47 016.39 
46 713.12 
46 275.47 
45 989.23 
45 850.53 
45 579.60 
45 190.02 
45 064.84 
44 703.73 
44 365.55 
44 257.93 
43 951.87 
43 583.09 
43 188.00 


RENEE NNNVVNNENENEVENVVAAAAARWW WWW 
SRRESASERESSERSLSSELSSAK 


—— ROP 
wowor- 


51 567.74 
51 181.42 
50 800.46 
50 425.34 
50 055.91 
49 873.47 
49 512.45 
49 158.09 
48 809.82 
48 299.52 
47 967.73 
47 804.23 
47 482.55 
47 168.08 
47 013.65 
46 710.38 
46 272.73 
45 986.53 
45 847.88 
45 576.94 
45 187.61 
45 062.38 
44 701.37 
44 363.25 
44 255.52 
43 949.59 
43 580.96 
43 185.81 
43 186.58 


sass 
BSSSSASSRSR 


NR RENERVVVNVONSVORHWANRWAD WHWWWHW WW wm 
SSRESSSSKSSSSARISVSARS 


ae 
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43 578.80 
43 184.16 
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Fic. 1. (a)-(f). Microphotometric traces for the five resonance doublets at certain v” values. (g) The resonance series IVb near 


the convergence limit. 


Thus a single line is able to excite the molecule from 
five rotational levels of v’’ =0. 

It may be pointed out that according to Kimura and 
Tonomura the doublet series I is excited by the 1830.4 A 
atomic line and II, III, [Va, and IVb are excited by the 
1844.5 A atomic line. However, it may be noted that 
according to the present analysis the R line of II at 
v’’ =2 falls very close to the 1844.5 A atomic line, giving 
rise to the probability of one mistaking 1844.5 A as the 
exciting line, especially in a low dispersion spectrum. 
The calculations are based on the following theory. 

The doublet separation Av in a doublet series can be 
shown to be given by 


Av= (4J,+2)[Bo"— (2J?+25,+2)D,"] (1) 


where J, is the rotational quantum number of the level 
excited in the upper state. B,’’ and D,” are the rota- 
tional constants of the lower state (ground state in this 


case) and are functions of the vibrational quantum 
number v’’. Expressing B,” and D,” in a polynomial in 
v” and dropping off the primes, one gets 


B,= B.- a, (0+ 3) +%e (v+ 3) 24 6. (v+ 3)°+¢. (v+ 3)4, 
(2) 


D,= D.+B. (v+3) ° (3) 


On substitution in Eq. (1), 
Av= (4J,+2)[Bo— factiv+ti.t+rebe 
— (252+2J,+2) (D.+48.) J 
— (4F,+2) [oe Ye 45.— Fb6+ (2J?+2J,+2) Be jo 
+ (45,+2) [ye +95. +36." 


+ (4F-+2) [8.4266 }0*+ (4J-+2)¢.0%. (1') 
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Thus Ay is expressed in the form of a polynomial in ». 
Therefore Av versus » was plotted for the five doublet 
series (Figs. 3-7). The points which are too far off the 
smooth curves correspond to either very weak lines or 
blended lines and therefore were omitted from con- 
sideration in drawing the smooth curves. In drawing the 
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Fic. 2. Energy level diagram showing the process of excitation 
by a single iodine atomic line 1830.4 A. 


smooth curves for IT and III, emphasis was given to the 
points below v’=20 and above v’=42. The points 
between are found to lie below the smooth curve, as is 
expected according to the analysis. The P line of JJ 
and the R line of III coincide for low v’’ values and 
for higher v’ values they begin to separate out. But 
they could not be resolved by the instrument used Fic. 5. Av versus v” for series IIT. 
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below v’’=43 and the measurements correspond to the 
mean of the positions of the two lines and hence this 
mean is larger than the true value of the P line of II 
and less than the true value of the R line of III. Thus 
Av for the two doublet series II and III falls below the 
true curves for the points below v’’=43. The empirical 


equations developed for the three curves are given in 
the following: 


For I, 
Av= 13.037 —0.04280+- 1.52 X 10-v?— 6.5 x 10~*v* 


—0.20X 10-*r4. (4) 


For II, 
Av=6.932—2.25 X 10-%+-0.756X 10-v*— 3.43 K 10’. 


(S) 
For III, 


Av=7.380—2.40X 10-*7-+-0.81 X 10-v?— 3.60 X 10%’. 


(6) 


On comparing the coefficients of equations (1’) and (4) 
and on elimination one gets from series I, 


(4J-+2) [Be (2J,4+2J,+2)D.]=13.0584 (7) 
(4J,-+2)-ye= 1.61947 10-4 


(4J,+2)6,=6.496X 10 (9) 


(4J,4+2)¢.=0.20X 10-*, 


B, is known precisely from the interferometric work 
on the resonance spectrum in the visible region by 
Rank and Baldwin.® Neglecting the term D, in Eq. (7) 
and putting B,=0.037364 give 


4J,+2—~349.5 
r—~86.9 
=87 (as J, has to be integer). 














Fic. 6. Ap» versus v” for series IVa. 


(19813 H. Rank and W. M. Baldwin, J. Chem. Phys. 19, 1210 














Fic. 7. Av versus v” for series IVb. 


It has been checked that neglect of the term D, in 
the above calculation does not cause any error in J,, 
and also any uncertainty in the last two figures of B, 
are insignificant in the calculation of J,. Having thus 
decided J,, one could calculate +., 5, and ¢, directly 


from Eqs. (9). Equations (7) and (8) then reduce to 
the following: 


B.— 15314D,=0.037309797 (7’) 
a+ 153148, =0.000122677. (8’) 


Similar calculations were followed for series II and 
III and the equations corresponding to (7’) and (8’) 
are obtained in the following: 

(7") 
(8”) 


For II, 
B.—4326D,=0.03732933 
(7’”") 
a 


a&e-+43268.= 0.000121239 


B.—4902D,=0.03733362 


a+49028,= 0.000121483. 


The J, values for II and III are found to be 46 and 49, 
respectively. . and 6, for these two series were calcu- 
lated as for I. Equations (7’), (7’), and (7) were 
solved by the least squares method and B, and D, 
were found. Similarly a, and 8, were calculated. The 
average values of these constants are represented by 
the following two equations: 


B,=0.03734—0.0001208 (v-+ 3) +0.444 10-*(n--4)? 
— 1.839 10-*(v-+4)*—0.057 X 10-(v+-3)4 (10) 
Dy=1.99X 10+ 1.236 10-(v+-4). (11) 


For the series IVa and IVb, the J, values are calcu- 
lated to be 22 and 25 and the solid curves IVa and IVb 
were drawn by using the following equations: 


For IVa, 
Av=3.355— 1.083 XK 10-%7-+-3.751 X 10-*2? 
—1.641X10—%* = (12) 
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Fic. 8. AG(v+4) versus v for the ground state of I. For description see the text. 


and 
for IVb 
Av=3.805— 1.226X 10-»+-4.251 X 10-*v? 
—1.859X 10-%®. (13) 


These equations were developed from the constants 
given in Eqs. (10) and (11). The smooth curves so 
drawn represent the points for low v’’ values as well as 
for the last point, for which the overlapping lines of the 
two doublets are resolved. The in-between points are 
below these curves in accordance with the reasons 
given for IT and III. 

Since three different vibrational levels are excited in 
the upper state as shown in Fig. 2, it was possible to 
calculate the vibrational and rotational constants of the 
upper state at those vibrational levels and the values 
found are given in the following: 


wn’ = 43.13 cm=! 
(wx) n’=0.19 cm—! 
B,'=0.01243 cm! 


where # is unknown. 


The series IVb is found to converge at 42201.41 cm=! 
[Fig. 1(g)]. Therefore the dissociation energy of the 
ground electronic state of I; could be calculated as 
follows: 


Do= exciting line (cm~!) — 42201.4+ F” (24) (for v’’=0) 
= 54632.9—42201.4+22.4 
= 12453.9 cm. 


This value of Do may be slightly higher than the true 
value of Do by the amount of the height of the rota- 
tional level J=24 above the rotational level J=0 
in the last vibrational level of the ground state. But the 
B, value for this level is not known. However, out of 
the 18 doublets preceding the convergence limit, the 
first three were resolved and the B, values for them could 
be calculated as 0.00696 cm, 0.00588 cm, and 
0.00490 cm. Taking B,=0.00490 cm=, the height of 
the rotational level J=24 above J=0 was calculated to 
be 2.94 cm=! which is more than its value for the last 
vibrational level. Thus the lower limit of Do is set at 
12451.0 cm and the higher limit at 12453.9 cm~, i-e., 
Do=12452.541.5 cm. This value of Dp can be con- 
trasted with the previous value of 1243928 cm 
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determined from the convergence limit’ of the visible 
absorption bands. 

The separation between successive R lines or P 
lines in a series is equal to the separation between two 
successive vibrational levels of the lower electronic 
state (ground state in this case) for a constant J value. 
Denoting this by AE/(v+ 4) it can be shown that 


AG" (v+4) = AE? (v+-4)+ J (J+1) (By — Bon”) 
— J?(J+1)2(D,"— (15) 


The contribution by the last term is negligible, and 
therefore Eq. (15) reduces to 


AG” (v+-4) = AE! (v+3)+ J (J+1) (BL — Boys’). 


(15’) 

Thus it was possible to calculate the AG(v+ 43) values 
for the ground electronic state of Iz. The P lines of series 
III were chosen to obtain AE’ (v+ 4). Missing lines 
were obtained from the graph plotted between », 
and v’’, The AG” (v+-4) values were then calculated up 
to v’=83 using Eq. (15). B,”” in Eq. (15’) was calcu- 
lated from Eq. (10). The AG’ (v+4) values thus 
obtained are plotted against v” (Fig. 8) and are shown 
by a smooth curve. The points marked in Fig. 8 are 
those for which the AE/(v+4) values were obtained 
directly. The AE/(v+ 4) values for the last 17 vibra- 
tional quanta were obtained from series IVb which 
converges to a sharp limit, but vibrational quantum 
numbers for them could not be identified independently. 
The doublet separation could be resolved only in the 
first three members as pointed out earlier. Therefore 
the B, values for other members could not be found 
and hence the AG(v+4) values for these vibrational 


Doar oy. 


TABLE V. Doublet series IVb at convergence limit. 
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TaBLeE VI. AG(v+-4) values for ground state of I2. 
AG(0+4) 
cm 





AG(v+4) 
cm7! 





213.31 


115.28 
212.05 


112.69 
110.09 
107.47 
104.81 
102.12 


CONIA Uk WHE O 


160.23 
158.44 
156.57 
154.62 
152.72 
150.85 
148.98 
147.00 
145.10 
143.02 
141.03 
138.87 
136.80 
134.65 
132.33 
130.01 
127.67 
125.24 
122.71 
120.27 
117.86 
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levels could not be calculated according to Eq. (15’). 
However, taking the B, values for the first three mem- 
bers out of 18, the AG(v+4) values were calculated for 
the first four vibrational levels. The last three 
AE/(v+ 4) values were taken equal to the AG(v+4) 
values which holds fairly well in the neighborhood of the 
dissociation limit. With the help of these seven 
AG(v+ 4) values and the Do value calculated earlier, 
the curve after v”=83 could be adjusted without 
any difficulty and the v” values for these 18 members 
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TaBLE VIL. Results of calculations for potential energy curve for 
ground state of Ip. 








U(r) 
cm™! 


T min 





102.08 
527.44 
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10 893.54 
11 251.24 
11 562.11 
11 824.50 
12 039.72 
12 170.52 
12 302.32 
12 352.32 
12 393.42 
12 427.12 
12 454.62 
12 476.92 
12 495.02 
12 509.82 
12 522.32 
12 532.22 
12 547.52 
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of IVb, thus identified, are shown in Table V. After 
adjusting the curve, the AG(v+4) values were read off 
and all the values are collected in Table VI. The w, 
value for the ground state of I, according to these 
AG(v+ 4) values is 214.52 cm. It may be pointed out 
that the w, value of 214.248 cm as given by Rank and 
Baldwin for I; has been calculated wrongly from their 
empirical equation® and it should be 214.518 cm™ 
which agrees very well with the present value. 


POTENTIAL ENERGY CURVE 


Since this work provides data for the positions of all 
the vibrational levels of the ground electronic state and 
for the values of the rotational constants, an attempt 
has been made to compute the potential energy curve 
right up to the dissociation limit by the Rydberg- 
Kilein-Rees method.’ However, the final forms of the 
expressions for the computations of the RKR method 
have been changed into more convenient forms as 
discussed in the following 


* The author examined the data which Professor Rank kindly 
sent to him and this mistake has been confirmed by private 
communication. 

9A. L. G. Rees, Proc. Phys. Soc. (London) 59, 998 (1947). 

10 Vanderslice, Mason, and Maisch, J. Mol. Spectroscopy 3, 
17 (1959). (It is to be noted that a factor of } in the expression 
for g should read 2. This has been confirmed by private com- 
munication with the authors.) 
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The auxiliary function S as defined in earlier work,® 
is 


S(U, #)= (teu) [U- BU, Aydt (16) 


where at J=/', U=E and I=h(v+}4), R= J(J+1)/8, 
b=87'y/h?. Substituting the value of 


E(I, k)=«.(v+})—wexe(v+})?+BeJ (J+1) 
—D.P(I+1)*— aI (J+1) (+4) 


in Eq. (16) and introducing the variables J and k, we 
have 


S(U, k)=q i "(A-U+mP)MI (16) 
1/q= (2a*uh)!, 
l=w.—aJ(J+1), 
M= weXe/h. 


Differentiating with respect to U and k under the 
integral sign, and then performing the integration, 
leads to the following expressions for f and g: 


f= qh/2m! \n{ (l—2mI') /[l— (4mA)*}} 
g=qb/2(m*)\[a.(4mA)*-+2mBh+4mDehbk— ad] 
-In{[J—2mI’) V/[I— (4mA)*}}. (18) 


For the rotationless state (J=0), applying the con- 
dition U= E at I=I’ one gets 


(17) 


l—2mI' =w.— 2w.x,(v+ 4) 
= AG (0+ 4)+.x, 


and 
(AmA )'= [4x {we(0+}) — were (v+4)?} J! 
= [w.?— [AG (0+4) +0.%.}? P= x1. 
Therefore 
f= (89*uc/h)> InW / (were)? 
g= (2m'uc/h)'[ (ae/ (were) + x4+ (2Be— crdire/ were) 


‘InW/(wexe)*] 
where 


W = (AG (0+3) + were) /(we— x') 
x=w2— [AG (0+3) +x, P. 


However, when a series of quadratics in the form of 
E(I-k) are chosen to represent the entire experi- 
mental range, the auxiliary function S can be put in the 
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Fic. 9. The potential energy curve for the ground state of I; as computed by the RKR method. The dotted curve is the M. 
eis tne Morse curve. 
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Fic. 10. The potential energy curve for the ground state of I: near the dissociation limit, drawn on a larger scale. 


following form: 


n I; 
S(U, k) = (2x¢uh) A>, if (A —Lil-+m 2?) MI 
tl “Iy-) 


and the expressions for f and g for the mth vibrational 
level become 


fa= (Sutuc/h) ADO InW i/ (we) & 


go= (2ntye/h)*S-La/ (wt) & (xd— xe! 
+ (2B ,;-— aw i/ (wx) ‘ InW i/ (wx) 4] 
where 


W :=[AG(0+4) i+ (wx) J/[AG (0+ 4) 1+ (wx) iJ 


‘Loi-xitV/loi-x#] 
xi=w?2—[AG(v+4) + (wx) P 


and v=i—1 for the ith level. 

The energy zero is chosen as the minimum of the 
U(r) curve (ie., Uo=0). Therefore xo=0 and 
AG (0+4)o+ (wx): =a. The constants w, wx, B, and a 
are allowed to vary from quadratic to quadratic. This 
form involves the AG(v+4) instead of U and hence 
avoids the confusion about zero reference point for each 


quadratic, and also computations of the factor W,; are 
much simpler than previously. 

The potential energy curve for the ground state of J. 
has been computed by using the data given in this 
paper, and the results are tabulated in Table VII and 
plotted in Figs. 9 and 10. Figure 10 shows the po- 
tential energy curve near the dissociation limit on a 
larger scale. The calculations above v’’ = 84 could not be 
carried out directly as the constants B and a could not 
be obtained from the experimental data above v”’ = 84. 
However, short extrapolation of the curve passing 
through the points representing fmin below v’’=84 is 
justified and rain could be obtained above v’’=84. 
For these points above v= 84, the quantity f could be 
calculated from the experimental data as it does not 
involve B and a. Thus fmax could be calculated as 


Tmax mint 2f. 


The potential energy curve so plotted shows the 
interesting feature of approaching the asymptote very 
slowly and it appears to show that at larger r values, 
the van der Waals forces are predominating over 
the valence forces. It is found that the potential energy 
curve follows the c/r® force law between r=4.6 A and 
r=6.4 A. The van der Waals force constant c was 
calculated to be 3.7X10*, if U(r) and r are in cm 
and A respectively. The curve could be fitted within 
+3 cm. It may be pointed out that the theoretical 
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value" of ‘c’ for the HI molecule is 2.24 10° and is a 
little less than that for I, as expected. 


ELECTRONIC TRANSITION 


The lower state of this transition is the well-known 
o,°x.'x,! ',+(O,*+) the ground state of the molecule. 
There is no direct experimental evidence for deciding 
the nature of the upper electronic state, but a very good 
prediction can be made by considering the structure of 
the resonance series observed in this transition. Ac- 
cording to the analysis only doublet series are excited 
and hence if upper state obeys Hund’s case c (which is 
very likely) it has to be O,*. There are a number of 
possibilities for the electron configurations” which can 
be associated with this state. However, the long 
resonance series observed suggest that the transition 
involved has a very high transition probability and 
may correspond to the transition which is responsible 


1 F, London, Trans. Faraday Soc. 33, 8 (1937). 
#R. S. Mulliken, Phys. Rev. 46, 549 (1934). 
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for the Cordes* absorption bands. From these con- 
siderations, one may propose one possibility as the 
V state, ogre'x,ton, 'Zut(O.+) for the upper state. 
However, the possibility of the electronic states 
1y,+(O.+) and *2,-(O.*) arising from the electron 
configuration ¢,’x,*,’c.2 cannot be ruled out easily. 
It may be pointed out that one of these two states has 
been tentatively associated with the upper state at 
T.=47207 cm= of the emission band system“ 2730- 
2486 A. 
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A solid state electrochemical technique has been used to obtain thermodynamic information on urania- 
thoria solid solutions of compositions U,Th:_,O2,. with values of y of 0.9 to 0.3 and values of x of 0.02 to 
0.16. The electrochemical cells were of the type Fe, FeO | (ZrO.+CaO) | U,Th:_,O2,2, Pt. Measurements 


were made at temperatures of 1150-1350°K. 


Partial molar free energies, entropies, and enthalpies of solution of oxygen in the solid solutions were 
calculated. The partial molar free energy decreases negatively with increasing thorium content for thorium 
concentrations greater than 30 atomic percent. The partial molar entropy increases negatively with increas- 
ing oxygen content or with increasing thorium content. . 

The experimental results are discussed in connection with a mechanism of interstitial solution of oxygen 
ions in the fluorite lattice. A thermodynamic equation for the entropy is developed which gives semiquanti- 


tative agreement with the experimental data. 





I. INTRODUCTION 


RANIUM dioxide and thorium dioxide form a 

continuous series of solid solutions in which the 
fluorite structure is maintained.' Anderson ef al.? 
studied the oxidation of these solid solutions. They 
found that, for uranium contents greater than 50 atomic 
percent, the solid solutions, UyTh:,O2;.2, could in- 
corporate into interstitial sites in the lattice up to a 
value of x equal to 0.32-0.34 without destroying the 


1W. Trzebiatowski and P. W. Selwood, J. Am. Chem. Soc. 72, 
4504 (1950). 

? Anderson, Edgington, Roberts, and Wait, J. Chem. Soc. 
1954, 3324. 


fluorite structure. At higher thorium contents, the maxi- 
mum uptake of oxygen decreased with increasing thor- 
ium content. 

Thermodynamic information on the nonstoichio- 
metric solid solutions having high thorium contents 
(y<0.25) have been reported by Anderson ef al. 
and by Roberts e/ al.* The pressures of oxygen in equilib- 
rium with the solid solutions increased with decreasing 
uranium content.? The partial molar heats of solution 
of oxygen in the solid decreased negatively with de- 

* Roberts, Russell, Adwick, Walter and Rand, “Proceedings of 
the Second United Nations International Conference on the 


Peaceful Uses of Atomic Energy,” Geneva, September 1-13, 
1958, Vol. 28, p. 215. 
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Fic. 1. Apparatus for emf measurements of the cells Fe, 
FeO | (ZrO.+CaO) | U,Thi_,O242, Pt. 


creasing uranium content.* These data indicate an 
increasing resistance to oxidation of the U** ions as the 
uranium content of the solid solution decreases. 

In the present study, a solid state electrochemical 
technique was used to obtain thermodynamic data on 
urania-thoria solid solutions of compositions UyThi_,O2+2 
with y values of 0.9 to 0.3 and values of x of 0.02 to 
0.16. The results are compared with the data obtained 
in a similar study on nonstoichiometric uranium 
dioxide. The effect of the presence of thorium on the 
thermodynamic properties of the uranium dioxide 
lattice is discussed in the light of current theories of 
nonstoichiometry in ionic solids. 


II. EXPERIMENTAL 


The experimental procedures have been discussed in 
some detail in a previous paper‘ on nonstoichiometric 
uranium dioxide. The discussion in this section is, there- 
fore, limited to additional information and modifica- 
tions of the apparatus. 

The electrochemical cells were of the type Fe, FeO 
| (ZrO2+CaO) | UyThi,O242, Pt. The solid electrolyte 
was a solid solution of 15 mole percent CaO in ZrQ.. 
The apparatus used was a modified form of that 
described by Kiukkola and Wagner.’ A schematic 
of the apparatusf is shown in Fig. 1. The three pel- 
lets comprising the cell were placed one upon the 
other and were held together by the weight of the 


* The information upon which this paper is based was pre- 
sented at the 136th meeting of the American Chemical Society, 
Atlantic City, New Jersey, September 13, 1959. 

4S. Aronson and J. Belle, J. Chem. Phys. 29, 151 (1958). 

5K. Kiukkola and C. Wagner, J. Electrochem. Soc. 104, 379 
(1957). ; 

+ The apparatus was designed by J. E. Rulli of this laboratory. 


upper quartz support. Electrical contact was made 
through two platinum wires welded to flat pieces of 
platinum foil sandwiched between the quartz and the 
pellet surfaces. The Pt, Pt—10% Rh thermocouple 
was positioned inside the quartz tube which supported 
the pellets from below. After insertion of the pellets, a 
quartz tube was fitted by a ground joint over the 
apparatus and the system was evacuated. An inert 
atmosphere was maintained around the pellets by flow- 
ing a slow stream of helium, dried over magnesium 
perchlorate, through the system. The gas entered the 
apparatus through the inlet stopcock, passed through 
the inner tube and through the holes below the pellets, 
and exited by way of the outer tube through a second 
stopcock. Heat was supplied by a tube furnace which 
was lowered over the apparatus. 

The solid solutions of compositions U,Th,_,O2, with 
y values of 0.90, 0.71, 0.52, and 0.29, were prepared 
from Fisher Certified thorium nitrate and uranyl 
nitrate. A solution of these salts was precipitated by 
ammonium hydroxide, dried at 100°C, decomposed in 
air at 600°C, and reduced in hydrogen at 1300°C for 
24 hours. X-ray patterns of the material showed the 
presence of a single phase fluorite structure in all cases. 
Measurements of the lattice parameters were made and 
were in agreement, within +0.003 A, with the work of 
Slowinski and Elliot,® indicating that homogeneous 
solid solutions were obtained. Controlled amounts of 
oxygen were added to the samples by controlled oxida- 
tion in oxygen at temperatures of 200-400°C. The oxi- 
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Fic. 2. Electromotive force of cells Fe, FeO | (ZrO.+Ca0) | 
U,Thi,O242, Pt. 


6 E. Slowinski and N. Elliot, Acta Cryst. 5, 768 (1952). 
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dized samples were annealed for a week at 800°C in 
vacuo to homogenize the oxygen. X-ray patterns of 
these materials showed fluorite structures with con- 
tracted lattices in agreement with Anderson ef al.? 
The powders were pressed into pellets about 0.1-in. 
thick at about 60 tsi. 

The oxygen contents of the U,Th;_,O24. pellets were 
determined by the weight changes on reduction in 
hydrogen to U,yTh:,O, at 800°C. A spring balance 
made of Nispan C alloy was employed for the determin- 
ations. The method of analysis was checked in several 
cases by chemical analysis for uranium (IV) and 
uranium (VI). The estimated accuracy of the oxygen 
determinations is +0.01 in the value of x. 


Ill. RESULTS 


Figures 2 and 3 show plots of emf as a function of 
temperature for some selected compositions of 
U,Thi_,O2,2. The variation of emf with temperature 
was approximately linear in all cases. The method of 
calculation of the partial molar free energies Fo,, 
entropies So,, and enthalpies Ho, of solution of oxygen 
in the solid solutions and the pressures of oxygen in 
equilibrium with the solid solutions has been discussed 
in the previous paper on nonstoichiometric uranium 
dioxide.‘ The partial molar properties are defined as the 
changes in the properties of the system which occur 
when a mole of oxygen is transferred from the gas 
phase at 1 atmos pressure to a large amount of the 
solid. 

The thermodynamic data for the UsThi,O2+. com- 
positions and the data previously obtained for UO2;. 
are presented in Table I. The free-energy values are 
given for a temperature of 1250°K which is approxi- 
mately in the middle of the temperature range studied. 
Although there is considerable scatter in the entropy 
and enthalpy data in Table I, it can be seen that the 
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® The data for y values of 1 are taken from the work of S. Aronson and J. Belle.‘ 


partial molar entropy increases negatively with in- 
creasing oxygen content or increasing thorium content 
and that there is some increase (negative) in the enthal- 
py values with increasing oxygen or thorium content. 
The partial molar free energies and, consequently, the 
oxygen pressures, are approximately the same for equal 
values of x in the range of y from 1 to 0.7. Plots of the 
log of the oxygen pressures vs oxygen contents for the 
various values of y are shown in Fig. 4 for a tempera- 
ture of 1250°K. 


IV. DISCUSSION 


The oxidation of urania-thoria solid solutions is 
discussed on the basis of the following simple reaction 





S. ARONSON AND J. C. CLAYTON 





TTT TTY 


Poo ( ATMOSPHERES) 
TOT TTT 


T T Trey 


O y=! 

@ y=090 
@ y=071 
4 y=0.52 
0 y=029 


rr | 








gf Bn hg 8 8 Be | ee 
002 0.04 0.06 008 O10 O12 O14 O16 O18 O20 
x 





Fic. 4. Pressures of oxygen in equilibrium with U,Th_,O>,, 
at 1250°K. gamle. gary 


scheme: 


(1) 


The symbols i.s. and Oi, have the meanings, vacant 
interstitial sites and interstitial oxygen ions, respec- 
tively. 

Equation (1) represents only one of several possible 
mechanisms. It would be well at this point to discuss 
the choice of Eq. (1) and some of the assumptions that 
are employed in its use. Equation (1) represents the 
oxidation reaction as the oxidation of U‘+ ions by gase- 
ous oxygen to form discrete U** ions and interstitial 
oxygen ions. An alternative approach would be to 
consider the reaction as one involving the removal of 
electrons from the valence band of the solid with the 
formation of positive holes. The choice between the two 
mechanisms depends upon the nature of the electronic 
structure of the solid. In the case of nonstoichiometry 
in TiO, for example, Buessem and Butler’ have decided, 
on the basis of thermodynamic calculations, that an 
ionic representation is more suitable than a valence 
band picture. On the other hand, the band picture ap- 
plies well in the case of ZnO.* Morin® has discussed the 
electronic structure of the 3d transition metal oxides 
and has concluded that, in the majority of cases, the 3d 
wave functions appear to be localized on the cations. 


Oz (gas) +4U++2 is.=20'44U*. 


™W. R. Buessem and S. Butler, “Defect reactions in TiOs,” 
Conference on High Temperature Processes, Endicott House, 
Massachusetts Institute of Techoclogy, June 23-27, 1958. 

*D. G. Thomas, J. Phys. Chem. Solids 3, 229 (1957). 

*F. J. Morin in “Semiconductors,” edited b 
(A.C.S. monograph, Reinhold Publishing 
York, 1959), Chap. 14. 
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The nature of the electronic structure of the urania- 
thoria solid solutions is not clear. Since the band picture 
is relatively complex, the simpler ionic picture has been 
chosen for discussion here. It is shown in the following 
discussion that this picture gives semiquantitative 
agreement with the thermodynamic data. In the pre- 
vious paper on UQO»,;,4 the reaction was discussed in a 
superficial manner in terms of the valence band pic- 
ture. As is seen below, the ionic mechanism is, at least, 
equally applicable in the case of UO.,. and much easier 
to apply in the case of solid solutions. 

The formation of U** ions rather than U* ions in 
Eq. (1) is assumed on the basis of the crystallographic 
data of Anderson ef al.? on nonstoichiometric urania- 
thoria solid solutions. These workers found that the 
unit cell contracted as the average uranium valency 
increased from 4.0 to 5.0 and then began to expand. 
The results indicated that the U‘* ions were first trans- 
formed inte discrete U** ions after which ionic groups, 
possible (UO,.)**, were formed. 

In applying Eq. (1), it would be convenient if a 
simple equilibrium relationship for an ideal solution 
could be written in which an equilibrium constant could 
be set equal to the product of the reaction product 
concentrations divided by the product of the reactant 
concentrations. A procedure of this type was adopted 
in the case of UO.,,.4 However, the use of such a pro- 
cedure requires a constant partial-molar heat of solu- 
tion, Ho,. The variation of Ho, with changes in oxygen 
or thorium content, shown in Table I, appears to be 
real and outside the range of experimental error. An 
additional, related, factor which precludes the use of a 
simple equilibrium relationship is the relative constancy 
of the partial molar free energy Fo, with changes in y 
for the range of y between 1 and 0.7. A larger variation 
of Fo, with thorium content would be expected on the 
basis of a simple equilibrium relationship. 

The discussion is, therefore, primarily concerned 
with the variation of the partial molar entropy with 
changes in oxygen or thorium content. In using Eq. (1), 
it is assumed that there is no association or interaction 
among defects. The U* ions and interstitial oxygen 
ions are considered to be independent, unassociated, 
species. All cationic lattice positions are assumed to be 
energetically equivalent and equally available to 
U*t, U%t, and Th*t ions. All interstitial positions are 
considered energetically equivalent with regard to the 
placement of interstitial oxygen ions. The changes in 
the partial molar entropies of solution of oxygen in 
U,Thi_,O2;. with changes in thorium or oxygen content 
are ascribed to changes in the configurational entropies 
of the various ionic species involved. The contribu- 
tions to the total entropy of the solid of the configura- 
tional entropies of Oi, U*t, U', and Th‘t may be 
written with the aid of the Boltzmann equation, 
S,=k InWa, where W, is the number of equivalent 
ways of arranging species A in the lattice. The number 
of ways of arranging interstitial oxygen ions in the 
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interstitial positions in the lattice are [Ni!/(Ni— 
No!) \No!!]. The number of ways of arranging the three 
cationic species in the cationic lattice positions are 
[Nel/Ny+t!N yt NV 7,4t+!]. Here Ni is the number of 
interstitial sites; Vo! is the number of interstitial oxy- 
gen ions; Ne is the number of cationic lattice positions; 
Nvu*t, Nu** and Nx, are the number of U*+, U*t and 
Th** cations in the lattice. The contributions of the 
foregoing terms to the partial molar entropy of solution 
of oxygen in the solid So, can be obtained by using 
Sterling’s approximation and differentiating the en- 
tropy with respect to the number of gaseous oxygen 
molecules, N o,: 


So,= —N(8S/8No,) = — N(8S/8No') (dNo'/dN o,) 


—N(0S/AN y+) (dNo*/dNo,) +0, (2) 


where 
(8S/8N o!) = —k In(No'/Ni— No), 


(0.S/ON yt) = —k In(Ny*+/Ny*) 
and 


(dNo'/dNo,) _— 2, (dNy**/dNo,) =4, 


We have used the relationship Ny*t= Ne—Nr,4+— 
Nv‘; S is the entropy of the system and W is Avo- 
gadro’s number. The factor Q includes.a term for the 
decrease in entropy which occurs upon removing one 
mole of oxygen from the gas phase and a term for the 
contribution to the vibrational entropy of the solid of 
the added interstitial oxygen ions. It seems reasonable 
to assume that Q does not vary greatly with changes in 
oxygen or uranium content. By using the fact that Ne 
is equal to NV! in the case of the fluorite structure, Eq. 
(2) can be easily changed into the form 


So,= —2R In[x/(1—x) ]—4R In[2x/(y—2x)]+0. (3) 
The values of x and y are those in the formula, 
U,Thy,0242. 


Equation (3) predicts a negative increase in So, 
with increasing values of x or y in agreement with the 
experimental data. For a quantitative check of Eq. 
(3), the experimental entropy data have been used to 
calculate values for the factor Q in Eq. (3). The factor 
Q thus obtained should be independent of variations 
in x or y. The calculated Q values are shown in Fig. 5. 
With the exception of some low values of x which give 
discrepant results, Q is seen to be reasonably constant 
with changes in the value of x. It is not, however, com- 
pletely independent of the value of y. The data can be 
approximated by using two values for Q, a value of 
— 38 eu for y values of 1 and 0.90 and a value of —43 
eu for y values of 0.71, 0.52, and 0.28. No attempt will 
be made to account for this variation in Q since the 
scatter of the data makes detailed analysis difficult. 

A rough calculation can be made to determine if Q 
values close to —40 eu, as obtained in the foregoing, 
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Fic. 5. Calculation of Q for UyTh_,O2,2 from Eq. (3). 
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are reasonable. It was noted that the factor Q consists 
primarily of two terms. The first term, the decrease in 
entropy which occurs upon removal of a mole of oxygen 
from the gas phase at one atmosphere pressure is the 
negative of the molar entropy of oxygen gas and has a 
value of — 60 eu at 1250°K.” This leaves approximately 
20 eu for the contribution to the vibrational entropy 
of the solid of 2 gram-atomic weights of interstitial 
oxygen ions. An estimate of the vibrational frequency 
of these ions can be obtained from the Einstein equa- 
tion for the vibrational entropy,® assuming 3N degrees 
of freedom: 


S= -3(2R)| Infi— exp(—hv/kT) ] 


— (a/kT) Freesports 


From this equation, the calculated vibrational fre- 
quency at 1250°K is 1X10" sec. If it is assumed that 
the interstitial ions vibrate in phase with the lattice 
ions, the calculated frequency for the urania-thoria 
solid solutions can be compared to frequencies obtained 
for other crystalline solids. In the case of zinc oxide, 
Thomas has established that interstitial zinc ions vi- 
brate in phase with the lattice ions.* A qualitative 
comparison with other crystalline solids*" indicates 
that the calculated frequency, 1X10" sec™, is reason- 
able. Quantitative comparison cannot be made, how- 
ever, because of the lack of precise information on the 
values of the vibrational frequencies in urania and 
thoria and because of the approximate nature of the 
Einstein relationship. 

The values obtained for the partial molar heats of 
solution Ho, are now briefly considered. There is a 
negative increase in the partial molar heat of solution 
with increasing oxygen content ee the variation 
is not regular. This negative increase in H 9, withincreas- 

10L. Brewer in The Chemistry and Metallurgy of Miscellaneous 
Materials; Thermodynamics, edited by L. L. (McGraw-Hill 
Book Company, Inc., New York, 1950), Paper 5. 


1M, Born and K. Huang, Dynamical Theory of Crystal Lattices 
(Oxford University Press, New York, 1954), Chap. 2. 
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ing oxygen content may be, at least partially, due to 
increasing electrostatic interactions which occur be- 
tween the interstitial oxygen ions and the lattice cations 
as the number of U** ions increases. The reason for the 
observed variation in Ho, with increasing thorium 
content is not apparent, however. 

Roberts e/ al.’ report values for the partial molar 
heats of solution of oxygen in UyTh,_,O2,., at tempera- 
tures around 850°C, in which the average uranium 
valency is 4.35. For compositions UOs.5 and 
Uo. Tho.75O2.04 they report values of —69 kcal/mole 
and — (60-70) kcal/mole, respectively. These values 
correspond reasonably well with the data in Table I. 
At higher thorium contents (0.06>y>0.005), the 
partial molar heats range from —44 kcal/mole to 
— 14:5 kcal/mole. The reason for these low values is not 
apparent. The low values cannot be explained on the 
basis of the simple oxidation mechanism proposed 
in the foregoing. 


ARONSON AND J. 


C. CLAYTON 


In the preceeding discussion, nonstoichiometry in 
urania-thoria solid solutions has been treated in terms 
of simple solution theory. The fact that semiquantita- 
tive agreement with the thermodynamic data was ob- 
tained indicates that this approach has merit. However, 
the inability of the theory to account for some of the 
entropy and enthalpy data, as noted, indicates that 
considerable refinement of the theory and more precise 
data are required for a full understanding of the thermo- 
dynamic properties of these solid solutions. 
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Using a 2-m vacuum spectrograph and an ordinary transformer discharge through mixtures of Nz with 
argon and xenon, we observed two new systems of Nz emission bands, one for each mixture, in the region 
between 1550 and 2250 A. According to the vibrational analysis, the bands, which were excited in the mix- 
ture of (N:+A), are due to the transition (a’ '2,-— X 'Z,*), and the bands, which were excited in the mix- 
ture of (N2+Xe), are due to the transition (*2,-— X !Z,*). The present results are in good agreement with 
those of Wilkinson and Mulliken whose observations were made for the same systems of bands in absorption. 





INTRODUCTION 


CCORDING to Mulliken’s! recent calculation of 
the low-lying electronic states ofgNo, there are 
four stable states, *A,, *2,~, a’ 12,-, and w 'A,, in addi- 
tion to the well-known states, A *2,*+, B *II,, and a ‘II, 
in the energy range from about 6 ev to 9 ev. Among 
these states, the a’ !Z,~ is the common lower state of 
the fifth positive (or Van der Ziel) system (x 12,-— 
'y,-) and Kaplan’s first system (y Il,—a’ !2,7~) ;? 
the w A, state is the lower state of Kaplan’s second 
system (y'II,—w'A,).2 Recently, Kistiakowsky and 
his co-worker* observed a new system of emission bands 


1R. S. Mulliken, Technical Report, Laboratory of Molecular 
Structure and Spectra, Univ. of Chicago (1998) The Threshold 
of: Space (Pergamon Press, New York, 1956), p. 
057). Lofthus and R. S. Mulliken, J. 7 Aa ein 26, 1010 
195 

s ~% B. Kistiakowsky and P. Warneck, J. Chem. Phys. 27, 1417 
(1957). 


in the near-infrared region in the afterglow of nitrogen 
at liquid nitrogen temperature, and they called them 
“Y bands.” LeBlanc and his co-workers also indepen- 
dently observed the same bands in their work on the 
afterglow of nitrogen at liquid nitrogen temperature, 
and they suggested that the upper state of the bands is 
either *Z,~ or *A,, most probably the latter, the lower 
state being B*II,. Shortly after the above findings, 
Wilkinson and Mulliken® observed three forbidden 
systems of No, (A *2,+—-X'2,t), (*2.-—X '2,*), 
and a’ 12,-—X 'Z,+), in absorption, and determined 
accurate molecular constants for the states involved in 
the transitions. Furthermore, according to their analy- 
sis, the upper state of the afterglow bands mentioned 
above is the *2,~ rather than the *A,. Independent of 
their work, we were attempting to observe possible 


‘LeBlanc, Tanaka, and Jursa, J. Chem. Phys. 28, 979 (1958). 
§ P. G. Wilkinson and R. S. Mulliken (to be published). 
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TABLE I. Wavelengths and wave numbers of the a’ !2,-— X !Z,* system. 





Nobs(A) Vobs(cm™) 


Veale(cm™) 


Oo—C AGobs AGeaic* 





1643.84 
1707.00 
1774.00 
1845.64 
1922.15 
2004. 17 


60 832.4 
58 582.3 
56 369.8 
54 181.7 
52 025.1 
49 896.0 


0, 3 
0,4 
0, 5 
0, 6 
0,7 
0,8 


60 828.7 
58 584.6 
56 369.4 
54 182.9 
52 025.3 
49 896.6 


2250.1 
2212.5 
2188.1 
2156.6 
2129.1 


2244.0 
2215.3 
2186.5 
2157.6 
2128.7 











® Calculated by using Lofthus’ values for vibration constants. 


emission bands, which might be ascribed to the forbid- 
den transitions between the ground state and the four 
states mentioned earlier, for the purpose of finding 
their exact excitation energies and of finding any con- 
tribution of these states to the production of the nitro- 
gen afterglow. Consequently, at approximately the 
same time when Wilkinson and Mulliken observed their 
absorption bands, we observed the same bands due to 
the transitions (*2,-—X 'Z,+) and (a’ '2,-—X ',+)* 
in emission. 


EXPERIMENTAL 


A Hilger 2-m normal-incidence type vacuum spectro- 
graph was used. A II-shaped discharge tube, 5 mm in 
diam and 25 cm in length with a thin LiF window at 
one end, was filled with 2-4 mm Hg of pure N; and 1-5 
cm Hg of argon or xenon. The tube was excited by a 
transformer, 15 kv 0.9 kva, with a primary current of 
about 7 amp. At the beginning of the discharge, the 
spectrum in the visible region showed the strong first 
and second positive bands. But with continuation of the 
discharge, the amount of Nz decreased gradually while 
the rare gas pressure remained apparently unchanged. 
After about 20 hours operation the visual spectrum did 
not show any nitrogen bands. The bands of present 
interest usually appeared at that time during the dis- 
charge when the impurity of NO (y bands) and CO (4th 
positive bands) disappeared, while there still remained 
in the tube a small amount of nitrogen with the rare 


6M. Ogawa and Y. Tanaka, J. Chem. Phys. 30, 1354 (1959). 


gas being used. Because the present bands are extremely 
weak, 3-5 hours exposure time was necessary to photo- 
graph them with a 20-y slit width and with SWR film. 


RESULTS 
Bands Produced in the Mixture (N,+-A) 


Six new bands, all fitting very well into one progres- 
sion, were observed in the region 1550-2250 A. They are 
reproduced in Fig. 1, from which you can see in that 
the individual bands showed almost no head but a clear 
shading toward the red with an intensity alternation. 
The measurement was made at the shortest wavelength 
edge for each band, and the values are listed in Table I. 
Since most of them were superimposed with the higher 
rotational lines of the Lyman-Birge-Hopfield bands 
(a II,—X 'Z,+), which are very strong, the discharge 
tube was cooled with liquid nitrogen to remove the 


TABLE II. Wavelengths of v”’ =0 progression of the a’ 'Z,-— X !Z,+ 
system. 





Wilkinson and Mulliken* 
Aobs (A) 


Present 
Neale (A) 


Yobs (cm) Veale (cm) 





67 732 
69 236 
70 717 
72 175 
73 610 
75 022 


1476.4 
1444.3 
1414.1 
1385.5 
1358.5 
1332.9 


69 244.18 
70 727.87 


73 623.0 
75 034.82 


1444.16 
1413.87 


1358.27 
1332.71 





® Their values are of the band origins. 
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obscurity through a reduction of the rotational tempera- 
ture. 

The wave number differences of the consecutive 
bands agree very well with the calculated AG values of 
the ground state (X 'Z,+) as is shown in Table I. This 
fact indicates that the present bands form a single 
progression produced by a transition from a single 
vibrational level of a certain upper state to the vibra- 
tional levels »=3, 4, 5, 6, 7, and 8 of the ground state. 
If one assumes that the upper vibrational level is »>=0, 
the bands are expressed by the following equation: 


Yor = 68 907.5— 2358.07 (v”-+3) +14.188 (v4)? 


+0.0124(0"+4)*% (1) 
where the vibration constants of X12,+ given by 
Lofthus’ are adopted. The wave numbers of the corre- 
sponding bands calculated with this equation are shown 
in Table I, column 5, and are compared in column 6 
with those of the observed values. The 7» of the upper 
state is 67732.0 cm (8.398 ev), and this is fairly close 
to the value To~70 700 cm= of *2,- and a’ '2,-, 
which is theoretically estimated by Mulliken.' He also 
estimated the value To~ 60 500 cm™ for A, but this 
may be excluded from the present consideration because 
the value is too small to be compared with that of the 
present value. Gaydon® also estimated the value Te= 
60 000 cm=! for a’ !Z,-, which is about 1.33 ev smaller 


7 A. Lofthus, Can. J. Phys. 34, 780 (1956). 
8 A. G. Gaydon, Proc. Roy. Soc. (London) A182, 286 (1944). 


than Mulliken’s value. As mentioned earlier, only a 
single branch, which is headless, was observed in the 
present bands, and among the electronic states men- 
tioned earlier, only a’ ‘2,- gives a single Q branch 
combining with the ground state. This strongly indi- 
cates that the upper state of the present bands is 
@ Ze. 

At about the same time that we were looking for the 
forbidden bands of N2 in the vacuum region in emission, 
Wilkinson and Mulliken® were working on the same 
bands in absorption, using a high order of their 6-m 
vacuum spectrograph. They observed, among others, 
four weak absorption bands due to the transition 
(a’ 12,-—X 'Z,+), which are shown in Table II. They 
observed only the Q branch in the individual bands. 
This is compatible with our observation of the present 
bands, and their value of To for the a’ '2,~ state is 
67 738.18 cm~! (8.398 ev) which is also in good agree- 
ment with that of the upper state of the present bands. 
Calculations were made for their bands by using the 
present data combined with the constants of the 
a’ !,~ state, listed in Herzberg’s book,* and the results 
are shown in the last two columns of Table II. The 
average difference between the two is about 10 cm“ 
(0.2 A), and we consider that the agreement is very 
good. We did not intend to make a rotational analysis 
of the bands because of insufficient resolution of the 
spectrograph used. However, the evidence stated above 
strongly supports the assumption that the present bands 
are due to the transition (a’ 12,-—X 12,+). 


°G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Co., Inc., Princeton, New Jersey, 1950). 
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B. Bands Produced in the Mixture (N.+ Xe) 


The bands observed in this mixture are reproduced in 
Fig. 2, and their wavelengths are shown in the upper 
part of the reproduction with the vibrational assign- 
ments. As one can see in the figure, the individual 
bands have double heads and shade toward the red. 
The observed wavelengths are listed in Table III. If 


TABLE III. Wavelengths and wave numbers of the *2,-—X 'Z,* 
system. 





I Aope(A) vors(cm™) veate(cem™) O-—C 





1593.94 
94.63 


1653.82 
54.48 


1695.61 
96.50 


63 737.6 
710.5 


60 466.1 
442.0 


58 975.8 
944.9 


62 713.3 —2.8 


60 440.7 +1.3 


58 947.0 —2.1 


1717.47 
18.36 


1762.64 
63.45 


1808.57 
09.31 


1834.17 
35.33 


1881.93 
83.01 


1935.37 
36.59 


1993.01 
94.30 


59 225.2 
195.0 


56 733.1 
707.0 


55 292.3 
269.7 


54 520.6 
486.1 


53 136.9 
106.5 


51 669.7 
637.2 


50 175.4 
142.9 


49 539.3 
510.3 


48 048.5 
018.3 


46 836.4 
809.2 


45 946.0 
912.4 


45 371.6 
340.4 


58 196.7 —1.7 


56 703.0 
55 266.7 
54 487.8 
53 109.1 
51 637.4 


50 143.7 


2018.60 
19.78 


2081.23 
82.54 


2135.09 
36.33 


2176.47 
78.06 


2204.02 
05.54 


2232.18 
33.68 


49 508.7 


48 015.0 


46 810.2 -—1.0 


45 915.3 -—2.9 


45 338.5 +1.9 


44 799.3 
769.2 


1.0 
1.0 
1.0 
1.0 
1.0 
0.7 
1.0 
0.5 
1.5 
1.5 
0.5 
0.5 
1.5 
2.0 
0.5 
0.5 
0.5 
0.3 
1.0 
0.8 
0.8 
0.5 
0.8 
0.5 
1.0 
0.8 
0.5 
0.2 
1.0 
0.8 
1.5 
1.0 


44 768.7 +0.5 





we assume the quantum assignment shown in the 
table, the AG values of the present lower state agree very 
well with those of the ground state, and the entire group 
of bands is expressed by the following equation,* 


Vere = 66 270.8-+1515.7 (v’-+4) —11.00(v' +3)? 
— 2358.07 (v’-+4) +14.188 (+4)? 
+0.0124(v"+4)3, (2) 


*In the equation, the values of the second head (the head at 
the longer wavelength) are used. 
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T. j ’=0 i 
‘ABLE IV. weve lang Esha v progression 





Wilkinson’s 
obs (A) b 


Present 


Veale (cm™) Acale (A) Vobs(cm™)* 





1518.0 
67 340.62 1484.6 
1453.1 
1423.3 


1518.6 
1484.9 
1453.2 
1423.2 





® This value is of the band origin. 
b These values show the location of the bands. 


where again Lofthus’ values’ of the vibration constants 
of X 1Z,+ are adopted for the lower state. As derived 
from Eq. (2), the value of To of the upper state is 
65 850.4 cm~ (8.164 ev), and there is no known state 
whose J is close to this value other than the two 
states *2,~ and *A,, either of which is suggested as the 
upper state of the near-infrared bands produced by the 
nitrogen afterglow at liquid nitrogen temperature. 
Mulliken’s! estimated values of 7 for *2,- and *A, 
are 70 700 cm and 60 500 cm™ respectively. In his 
absorption work, Wilkinson” observed four bands at 
1518.0, 1484.6, 1453.1, and 1423.3 A and made a rota- 
tional analysis of the band at 1484.6 A, and found it 
to be the (1, 0) band of the transition (*2,-— X 'Z,*). 
According to our vibrational assignment, none of the 
observed bands has v”’=0 (see Table III). However, 
as shown in Table IV, the wavelength of the (1, 0) 
band calculated by Eq. (2) agrees very well with that 
of Wilkinson’s value of the band origin indicating that 
the present bands are most probably due to the transi- 
tion (*2,-—X12,+). Regarding the observed two 
heads, the one which is situated at shorter wavelength 
is probably formed by the S branch and the other is 
formed by the Q branch. 

As suggested by Wilkinson,” it seems more likely to 
be considered that the upper state of the near-infrared 
bands produced by the low temperature afterglow of 
nitrogen is the *2,~ instead of the *A,. A recalculation 
of the near-infrared bands was attempted by using the 
data obtained in the above analysis. In this calculation, 


TABLE V. Wave numbers of near-infrared bands of N:2 afterglow. 





Yobs 
(cm) 


Veale 
(cm™) 


Vobs 
(cm™) 


e 
~ 
e 
~ 
~ 
> 


(cm™) 


e 
e 





6 551 
8 043 
9 512 
10 957 
12 379 
13 777 
15 152 
16 503 
17 831 
12 072 


13 447 
14 998 
16 126 
11 771 
13 122 
14 450 
11 475 
12 803 
11 185 


13 447 
14 997 
16 125 
11 771 
13 122 
14 450 
11 475 
12 803 
11 184 


ha tg 
mooooooooo 


12 381 
13 778 
15 151 
16 504 


12 073 


20 0 S300 MID OO SION 
RPOWNNN RR 


OO IO ih W 
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1 P. G. Wilkinson (to be published). 
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we assumed that the observed lowest vibrational level 
of the upper state of the afterglow bands is »=4. A 
small modification for the anharmonicity term was also 
made by combining the AG values observed in the pres- 
ent bands with the AG values of the afterglow bands. 
The resulting formula for the afterglow bands is the 
following: 


Vyry = 6659.14 1515.7 (v’+ 4) — 11.75 (0'+4)? 
— 1734.11 (0 +4) +14.47(0"+3)?, (3) 


M. OGAWA AND Y. TANAKA 


where the constants of the lower state are the values 
listed in Herzberg’s book® for B*II,. In Table V, the 
calculated wave numbers are compared with those of 
the observed bands. 
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Transition probabilities for the Schumann-Runge system of O2 have been measured in absorption in the 
wavelength region 2650-3900 A. Oxygen was heated in a shock tube to temperatures up to 4500°K, thereby 
populating high vibrational and rotational levels. Absorption spectra were photographed using a high-speed 
flash lamp and a large Littrow quartz spectrograph. Transition probabilities for the bands of three sequences, 
associated with the zero, ist, and 2nd vibrational levels of the excited electronic state, yield an f value of 
0.048+-0.008 which, when corrected for wavelength dependence, is about 4 that determined in the vacuum 
ultraviolet. This corresponds to a decrease in transition probability with increasing internuclear separation. 
Line-width variations with temperature and density have also been measured. The optical diameter for 
O2—O, collisions was determined as 6 A and for O2—O collisions as 10 A. 





I. INTRODUCTION 


HE experimental determination of transition proba- 
bilities for transitions between excited states of an 
atom or molecule requires both a measurement of the 
absorbed or emitted radiation from known transitions 
and the evaluation of the population of the excited 
energy states of the gas under measurement. Gas 
samples excited in the usual ways for spectroscopic 
studies are generally not in thermodynamic equilibrium 
and are not uniformly excited along the optical path. 
For such cases intensity measurements alone are not 
sufficient to determine the transition probabilities. As 
a result, few data on transition probabilities are avail- 
able, although the subject has long been of interest to 
astrophysicists! and currently is being studied by those 
concerned with missile and satellite reentry.” * 
In recent years, the shock tube has been used as a 
device for heating gases uniformly to high tempera- 


* This paper is based on research supported by the U. S. Air 
Force through the Air Force Office of Scientific Research, ARDC, 
under Contract No. AF 49(638)-269. The Combustion Dynamics 
Division was the monitoring agency for this research. 

1 For a review of the data available as of 1955, see Trans. Intern. 
Astron. Union IX, 214 (1957). 

2 R. E. Meyerott, Lockheed Aircraft Corp., Rept. No. LMSD- 
2264 (November 8, 1957). 

® Keck, Camm, and Kivel, J. Chem. Phys. 28, 723 (1958). 


tures. The gases can be brought to thermodynamic 
equilibrium and quantitative absorption‘ and emission®* 
studies performed. This paper presents a discussion of 
the use of the shock tube for absorption studies of 
heated O, and the determination of transition proba- 
bilities and line-width variations for the Schumann- 
Runge system. 

The testing time available for shock-tube experi- 
ments (~1 msec) is not, in general, adequate for high- 
resolution emission spectroscopy because of the limited 
intensity of the emitted light. This difficulty is cir- 
cumvented in absorption studies, where a high-speed, 
high-intensity light source can be used to provide the 
necessary plate exposure. The testing time is more 
than sufficient to permit thermodynamic equilibrium 
to be established for simple gases. The temperatures 
available are many times greater than can be obtained 
with furnaces; they are sufficient to populate high 
molecular vibrational levels and even to produce com- 
plete dissociation of diatomic molecules. Thus, it is 
possible to perform quantitative absorption measure- 
ments of spectra that are usually observed only in emis- 

4 Wurster, Treanor, and Glick, J. Chem. Phys. 29, 250 (1958). 

5 Keck, Camm, Kivel, and Wentink, Ann. Phys. (N. Y.) 7, 1 
(1959). J. G. Clouston and A. G. Gaydon, Nature 180, 1342 


ey W. H. Wurster and H. S. Glick, J. Chem. Phys. 27, 1218 
(1957). 





TRANSITION PROBABILITIES FOR OXYGEN 


Fie 3 
Os EES. 


T2660 - 


ee ee ee ee > 


Fic. 1. Ultraviolet absorption spectra of oxygen at varying temperatures. Optical pathlength~50 cm-atmos. (L=6.4 cm, p~8py). 


sion. In the experiments described in this paper absorp- 
tion was measured from as high as the 17th vibrational 
level of the ground state of O2. Spectra obtained at 
various temperatures are shown in Figs. 1 and 2. 

The present studies began with an investigation of 
the absorptive properties of air heated to tempera- 
tures up to about 5000°K. These experiments showed‘ 
that, in the ultraviolet region of the spectrum, molecu- 
lar oxygen was the major absorbing constituent at these 
temperatures and that a separate study of the O, 
absorption was warranted. The experiments reported 
herein were performed with pure oxygen, and have 
employed an optical system capable of high wavelength 
resolution. 

The study of spectral line widths for transitions 
between excited energy states is a second subject limited 
by the lack of knowledge of the state of the excited gas. 
The absolute magnitude of the collision broadening of 
lines cannot be determined theoretically in a reliable 
manner. This broadening is usually expressed in terms 
of the “optical cross section” of the colliding particles 
and the frequency of collision. Separate experimental 
study of line-width dependence on the temperature and 
density therefore yields the optical cross section and 
permits a discussion of the broad-band emission and 





absorption of radiation. The range of conditions avail- 
able in the shock tube, as far as both temperature and 
density are concerned, admit of a considerable variation 
in the width of the spectral lines of O2. With the spec- 
trometer used in the present studies it was not possible 
to observe the Doppler broadening of the spectral lines 
(A\<0.03 A), but tests at high density (up to 8 atmos 
density at 3000°K) resulted in collision broadened 
lines up to 0.8 A in half-width. The half-widths of the 
absorption lines have been correlated with test condi- 
tions in the shock tube, and optical cross sections de- 
termined for O.—O, and O.—O collisions. 


Il. EXPERIMENTAL 


All measurements were made on the photographed 
absorption spectrum of oxygen in the near ultraviolet. 
Continuum radiation from a flash-lamp light source 
was rendered parallel, sent through the heated gas 
sample, and refocused on the entrance slit of a large 
Littrow quartz spectrograph. The resultant absorption 
spectrum was photographed on standard spectrograph 
plates. The gas sample was contained in a shock tube 
which was suitably instrumented for synchronization 
of the optical system and for the accurate measurement 
of the incident shock wave velocity. This measurement 
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Fic. 2. Absorption spectrum of the (0, 13) band. T= 3410 K, p=3.6po. 
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is required for the calculation of the state of the com- 
pressed and heated test gas. In addition, optical calibra- 
tions for slit width, wavelength, and emulsion response 
were recorded on each spectrum plate. Details of the 


experimental method are presented in the following 
sections. 


A. The Shock Tube and Its Instrumentation 


The advantage of using a shock tube to process gases 
to high temperatures and densities for spectroscopic 
studies lies in the fact that the energy is added uni- 
formly and almost instantaneously to the gas. One 
obtains a sample of gas, of thickness equal to the inside 
dimension of the tube, whose thermodynamic state 
variables are known and which remains in equilibrium 
for a short interval of time. 

Shock tubes consist primarily of two sections of tube 
separated by a diaphragm. The driver section contains 
gas at high pressures, which, upon diaphragm rupture, 
expands into the driven section and generates a shock 
wave through the test gas contained therein. This 
incident shock wave heats, compresses and accelerates 
the gas, and upon reflection at the closed end of the tube, 
processes the gas further by bringing it to rest at still 
higher temperatures and densities. The gas remains at 
these conditions (neglecting radiation loss and con- 
vective cooling) until further disturbances, resulting 
from interactions with the advancing driver gas, arrive 
at the end of the tube. For the studies reported here the 
oxygen temperatures ranged from 1500° to 5000°K and 
the densities from 0.5 to 8 times normal density, with 
testing times of 50 to 300 usec. 

The driver and driven sections of the shock tube used 
in this study were 3 and 14 ft long, respectively. They 
were constructed of steel, with a working pressure of 
several thousand psi and Kanigen- and chrome-plated 
internally for abrasion resistance and cleanliness. The 
driven section was 13X23 in. in cross section and 
equipped with an observation section having quartz 
windows spanning the 2}-in. dimension near the reflect- 
ing end of the shock tube. The diaphragms were made of 
stainless steel and were scribed to be near breaking at 
pre-set pressures. The runs were initiated by piercing 
the center of the scribed pattern with a solenoid oper- 
ated plunger contained in the high-pressure driver sec- 
tion. 

To minimize the problem of impurity radiation, both 
sections were separately evacuated through liquid-air 
cold traps. The driven section was evacuated to 1 u 
Hg before flushing and loading with the test gas. The 
leak rate was less than 1 w per min for the entire system. 
With the initial gas pressure always greater than 10 mm 
Hg, the impurity limit was set by that of the gas under 
study. Reagent-grade oxygen was used for this purpose. 
After each run the end flange was removed and the tube 
swabbed clean with alcohol. 

The Mach number of the incident shock wave was 
measured by recording the time of shock wave arrival 
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at five stations along and at the end of the shock tube, 
using thin film resistance gauges. The outputs of these 
gauges served to trigger multivibrator circuits which, 
upon differentiation, provided shaped signals that were 
displayed and photographed on a rasterized Tektronix 
535 oscillscope. The gauge response was at the sub 
usec level. An error of 1% in the wave speed measure- 
ment arose in the final measurement of the time and 
distance intervals. 

The incident shock wave Mach number, together 
with the equations for the conservation of mass, energy 
and momentum across the shock, are used to determine 
the state of the gas behind the shock wave. In the 
case of the reflected shock, one makes use of the bound- 
ary condition of zero flow velocity behind the reflected 
shock at the end of the shock tube. The equation of 
state of the gas provides the necessary fourth equation 
for the solution. At higher temperatures it is important 
to include the effects of vibrational excitation and 
molecular dissociation. Tabulated thermodynamic 
properties for O2 were used in this calculation.® 

As a rough experimental check on these calculations, 
and also to monitor the duration of the constant 
equilibrium interval of the test gas, a high-frequency 
pressure transducer was placed in the end wall of the 
shock tube. Its output was recorded on a Tektronix 502 
oscilloscope. The record resembles that of a step func- 
tion, starting at the time of shock wave reflection, 
rising to an amplitude corresponding to the pressure 
behind the reflected shock wave and remaining constant 
for a period of between 50 and 300 usec. Subsequent 
changes in output signal are due to pressure dis- 
turbances resulting from the interaction of the reflected 
shock and the driver gas. These changes mark the end 
of the time interval during which the state of the gas 
is known and during which all measurements on the 
gas must be made. 

The question of the attainment of equilibrium was 
considered in detail. Several studies on the relaxation 
times of O2 to dissociative equilibrium have been re- 
ported.’ Taken together with the results on the vibra- 
tional relaxation times for Oz,’ it is clear that, for the ex- 
periments reported here, complete equilibrium was 
attained in less than five usec after the passage of the 
reflected shock. Since no data were taken for about 30 
usec (amply allowing for transit time of the reflected 
shock past the viewing ports) difficulties regarding 
equilibrium were avoided. Thus, Boltzmann statistics 
can properly be used to determine the populations of 
the molecular energy levels. The effect of boundary 
layer on the shock tube wall was separately studied 
with schlieren photographs of the reflected shock wave 
at the end of the shock tube. For the conditions of the 


6 C, E. Treanor and J. Logan, “Thermodynamic properties 


G. 
of oxygen from 2000°K to 5000°K,” Cornell Aeronautical Labora- 
tory Report No. BE-1007-A-4 (January, 1957). 
” For reviews see S. R. Byron, J. Chem. Phys. 30, 1380 (1959); 
D. L. Mathews, Phys. Fluids 2, 170 (1959). 





TRANSITION PROBABILITIES FOR OXYGEN 


present experiments these effects can be neglected. 
Boundary layer effects behind reflected shock waves 
have recently been discussed in detail by Strehlow 
and Cohen.® 


B. The Optical System 


High demands were placed on the light source, which 
was the most critical part of the system. Because of the 
short testing time available it was desired that the lamp 
radiate for less than 20 usec with an integrated intensity 
sufficient to exposure the spectrograph plate for 10- to 
20-u slit-width settings of the large Littrow ({/25) 
spectrograph. Further, it was required that the spectrum 
be continuous (over the wavelength region of interest) 
with few superimposed lines. 

A suitable light source was developed to meet these 
criteria in the form of an argon-filled flash lamp. The 
lamp was made by sealing aluminum electrodes into 
each end of a quartz tube of 4 mm inside diameter and 
1 mm wall thickness. The electrode spacing was about 
4} in. The lamp was evacuated and filled with 100 mm 
argon by means of a small hole drilled through one of 
the electrodes. A 0.5-mfd capacitor charged to 20 kv 
was used to pulse the lamp. An open spark gap was used 
as a switch, with an axially located teaser electrode 
across a pulse transformer serving to initiate the lamp 
flash. The output of a photomultiplier tube placed next 
to the collimating lens inside the spectrograph was used 
to monitor the total radiation time, and served as a 
cross check on the time at which the spectrum was re- 
corded, relative to shock reflection at the end of the 
shock tube. The photomultiplier output was displayed 
by the second beam of the Tektronix 502 oscilloscope. 
In this manner a single record shows both the length of 
the equilibrium testing time and the time of the lamp 
flash, obtained independently from the pressure trans- 
ducer and the photomultiplier tube. 

It was found in the course of earlier studies® that the 
flash lamp output was not exactly reproducible. Small 
intensity differences between two flashes, one before and 
one during a given run, could not be reliably ascribed 
to absorption by the gas. The optical system described 
in reference 9 was therefore modified for the present 
experiments. Radiation from the flash lamp was directed 
in two separate beams to focus on different parts of 
the spectrograph slit. Two spectra were therefore ob- 
tained from the same flash, one containing the absorp- 
tion by the gas sample and the second serving as a 
reference spectrum. Care was taken to have both 
beams view very nearly the same portion of the lamp 
and to focus exactly in the lamp axis since the spectra 
were found to vary markedly for different azimuthal 
directions about the capillary axis. The beams were 


®R. A. Strehlow and A. Cohen, J. Chem. Phys. 30, 257 (1959). 
* Wurster, Glick, and Treanor, ‘Radiative properties of high- 
temperature air,” Final Report, Cornell Aeronautical Labora- 
me No. QM-997-A-2, AFSWC TR 58-35 (September, 
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focused with 3000 A light with the aid of an eyepiece 
equipped with a uranium glass window. The beam 
through the shock tube was about }°, in. sq., and passed 
about } in. in front of the reflecting wall of the tube. 
The trigger signal for the light pulse was generated by a 
variable delay circuit actuated by the arrival of the 
shock wave at the reflecting wall. Any 20 usec segment 
of time could thereby be chosen, during which the 
spectrum was recorded. Kodak type 103-0 spectroscopic 
plates with normal development were used exclusively. 

After each experiment a series of exposures was made 
on the same plate, with calibrated filters placed in the 
sample beam. The flash lamp was used for these calibra- 
tions to preclude any reciprocity-failure problems. Since 
four flashes were made for each plate (one during the 
experiment, three through the plate-calibrating filters) 
twin-beam optics were particularly useful in correcting 
for small variations in intensity of the lamp. An iron 
arc furnished an accurate wavelength reference. 

The optical system was arranged so that the emission 
originating in the gas was also focused on a portion of 
the spectrograph plate. It should be mentioned that 
for some high temperature tests the emission spectrum 
appeared, and indicated the presence of impurity radia- 
tors (i.e., diaphragm material). Time-resolved studies 
have shown this radiation to appear subsequent to the 
clean testing time. The radiation arises from the further 
heating by waves reflected from the advancing driver 
gas, and also from the appearance of matter, carried 
along by the driver gas, which becomes thermally ex- 
cited in the region of the observation section. For these 
cases a capping shutter” was used to close off the en- 
trance slit of the spectrograph. The shutter was elec- 
tronically synchronized to close just after the lamp 
flash. The monitoring photomultiplier tube inside the 


spectrograph then served to check proper shutter 
operation. 


C. Reduction of Data 


It is well known that oxygen at room temperature 
absorbs only in the ultraviolet at wavelengths less than 
2000 A, and gives rise to the so-called continuum vacu- 
um-ultraviolet absorption. If the oxygen is strongly 
heated as in the present experiments, the population 
of molecules in vibrational levels as high as v’=17 of 
the ground X *Z electronic state becomes sufficient 
for detectable numbers of transitions to occur to the 
low-lying (O—2) levels of the upper B*Z state. 
One obtains thereby a large portion of the Schumann- 
Runge discrete band system in absorption. Further, 
since the oxygen is in thermal equilibrium the distribu- 
tion of the population of the vibrational levels can be 
calculated and is known to be valid over the entire 
path through the gas sample. 

The general features of the oxygen-absorption spec- 


tra in the near ultraviolet are shown in Fig. 1 for vari- 


10 W. H. Wurster, Rev. Sci. Instr. 28, 1093 (1957). 
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Fic. 3. Concentra- 
tion of Oz molecules 
in high-temperature 
oxygen. 
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ous’,temperatures of the absorbing gas. The effect of 
the increase in the population of vibrational levels with 
increasing temperature can be seen by comparing the 
absorption at a given wavelength. Since the density 
was constant for each of these spectra, the increased 
absorption relates directly to energy-level population. 
An enlarged section of the spectrum is shown in Fig. 
2. In this case the oxygen was heated to 3410°K and 
compressed to a density of 3.6 normal. The vibra- 
tional bands in this region are well separated, and one 
can clearly see a large portion of the V’=0, V’=13 
band. The tail of the 0,12 band can be seen at the left, 
and the bandhead of the 0,14 at about 3370 A near the 
right side of the photograph. For each band the Q 
branches and even-numbered rotational lines are mis- 
sing, and since the triplet structure of each line is not 
resolved, there results the doublet-like structure 
shown in the photograph. More overlap of significant 
portions of bands occurs at other regions of the spec- 
trum. 

The absorption coefficient for the gas sample was 
determined from the Bouguer-Beer law, 


T,=Io, exp(—kymo,X), (1) 


where Jo, and /, are the intensities of radiation entering 
and leaving the sample. k, is the absorption coefficient 
at unit concentration, mo, is the number of O2 molecules 
per cc divided by the number at STP, and X is the 
pathlength in the gas. For a discrete line absorption- 
spectrum, k, is a rapidly varying function of v. To assure 
the necessary resolution, the instrumental slit width 
was kept less than 3 the line widths by conducting the 
experiments with sufficiently collision-broadened lines. 
The line width is discussed in greater detail in Sec. IV. 

A Jarrell-Ash recording microphotometer was used to 
analyze the spectrum plates. The scanning beam is 
adjustable in width to 1 y, allowing line scans with no 
loss in resolution. The over-all resolution was thus 
determined by the Littrow spectrograph. 


Density differences between the background level 
and the absorption lines can be directly related to the 
ratio of incident and transmitted intensities when the 
characteristic curve for the plate has been determined. 
This characteristic curve was obtained from the spectra 
of the flash lamp taken through the calibrated filters. 
With this information, the curve of k, vs v can be con- 
structed for the rotational lines, Finally, the integral 
Sk,dv was determined for the separate lines. These 
data were used to determine the transition probabilities 
as described in Sec. ITI. 


III. ANALYSIS OF ABSORPTION MEASUREMENTS 


The absorption coefficient defined in Eq. (1) can 
be related to fundamental constants of the O2 molecule 
through the equation" 


[edo = Nsho(8x*/3H¢c) | Ra? v'yn'? ev!” | . (2) 


where the integral is extended over both rotational 
lines (i.e., both Px and Rx) of a given rotational level 
from which the absorption occurs. | Rn’,»;n7,0" | 2, the - 
square of the matrix element of the dipole moment, is 
then independent of the rotational quantum numbers 
K’ and K”. The temperature and density dependence 
of the integrated absorption is completely contained in 
the factor N;, the number density of O2 molecules in 
the lower vibrational-rotational level. For absorption 
by the Schumann-Runge system of O, this number 
density is given by, 


Ni= (p/po) (1a) Xo,Lof (2K +1) /30] 
Xexp[— (Exe +E,)/kT], (3) 


where Q is the total internal partition function for O: 
(degeneracy of ground electronic state =3); Ex, Ey 
are rotational and vibrational energies for the lower 
level, with rotational and vibrational quantum num- 
bers K”, V"; p is the density of oxygen, pp=1.35X10- 
g/cm® (STP density) ; Xo, is the mole fraction of oxygen 
molecules; a is the degree of dissociation: (1++-a) = 
total numbers of particles (atoms plus molecules) per 
original molecule of 02; and Z[p>=Loschmidt number= 
2.5468 X10" molecules/cm*. The quantities Q and 
(1+a)Xo, are available® from statistical mechanics 
calculations. (1++a) Xo, is the concentration of O2, the 
ratio of the number of O, molecules present to the origi- 
nal number. A plot of the concentration vs temperature 
for various gas densities is shown in Fig. 3. As pointed 
out in Sec. II, separate experiments have verified that 
equilibrium was attained before the absorption spec- 
trograms were photographed. Since the temperature 
and density can be calculated for each shock tube ex- 
periment, Eqs. (2) and (3) permit the determination of 


1G. Herzberg, Molecular Spectra and Molecular Structure. I. 
Spectra of Diatomic Molecules (D. Van Nostrand Co. Inc., Prince- 
ton, New Jersey, 1950), second edition. 
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| Rn’,»':n’*,e |? from a measurement of the integrated 
absorption coefficient. 

The data obtained from the microphotometer were 
analyzed in the following way": Values of the integrated 
absorption coefficient were measured for the separate 
rotational lines; the log of this quantity divided by 
2K’’+1 was then plotted vs Ex. From Eqs. (2) and 
(3), this plot should give a straight line for each vibra- 
tional band. The slope is —1/&7, and the intercept is 
proportional to | Rn’,o;n’,0 | 2. A graph of this type is 
shown in Fig. 4 for a run at T=3040°K. The straight 
lines shown were drawn with a slope —1/k7, where T 
is the calculated temperature. It has not been possible 
to use these data to obtain an accurate measure of the 
“rotational temperature,” the scatter of the points 
being sufficient to permit of about +10% error in the 
temperature determined from the slope of the graph. 
In all cases, however, the calculated temperature gives 
a good line through the points. 

Values of | Rn’ ,»:n7,» |? for each of 18 bands were 
determined from experiments at different temperatures 
and densities of the absorbing gas. Thus, Eqs. (2) and 
(3) provide an internal check of the over-all experiment. 
Results obtained from experiments at the various test 
conditions were consistent within the estimated ac- 
curacy of the data reduction process. The values de- 
termined experimentally are shown in Table I, along 
with the estimated errors. 

Errors in the results are introduced from several 
sources. The measurement of the speed of the shock 
wave is accurate to +1%. This introduces an error of 
+1.5% in the temperature and +1% in the density, 
which reflects as an error of about 15% in the measured 
transition probability. Reduction of the data also re- 
quires an accurate calibration of the photographic 
plate. The slope of the characteristic curve was obtained 
to +10%, resulting in +10% error in the transition 
probability. The actual measurement of the density of 
the photographic emulsion for the absorption spectro- 
gram can also introduce an error, and as a result the 
accuracy of the determinations for the various bands 
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Fic. 4. Normalized absorption coefficient vs energy of the lower 
level of the transition. 


763 


Taste I. Measured transition probability for 18 vibrational 
transitions of the Schumann-Runge system of O:. 
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depends on the number of rotational lines available 
in the band, free from overlap of other bands. In the 
best cases, (0-13), (0-14), from 15 to 25 lines are 
either free from overlap of known lines or can easily 
be corrected for small overlap. A few of these lines show 
consistently high absorption, and are probably overlap- 
ped with high rotational lines of other bands. The 
remaining lines were used to obtain a transition proba- 
bility which should be accurate to within +25%. For 
some of the bands only 5 to 8 lines are available free 
from apparent overlap, and for these cases the estimated 
error is higher. 

The quantity | Ru-,»;n’7,* |? can be discussed fur- 
ther in terms of the vibrational overlap integral and 
the electronic transition moment with the relation, 


| Ra? vin"? vo!" | ss [eee earned, . 


(4) 


aa | i R.(r) VG yrdr |, 


The average value of the electronic moment, R., is 
known to depend on some extent on the vibrational 
levels V’ and V” involved in the transition. It has been 
shown by Fraser” and Nicholls*™“ that R.=R.(7) 


where 
Figg f Vyr¥ dr / f VW, dr 


The function R2 varies slowly with 7 (i.e., it changes 
little from one vibrational band to another), and the 
main dependence of the absorption coefficient is on the 


(5) 


2 P. A. Fraser, Can. J. Phys. 32, 515 (1954). 

13R. W. Nicholls, Proc. Phys. Soc. (London) A69, 741 (1956). 

4R,. W. Nicholls, The Airglow and Aurorae (Pergamon Press, 
London and New York, 1956). 
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Fic. 5(a). Overlap integrals squared for three sequences of O». 


overlap integral squared, 


gor or = f Vy Vyndr}. (6) 


These integrals have been calculated for the O, Schu- 
mann-Runge system by Fraser et al." and by Pillow." 
The calculated values from reference 15 for three 
sequences of importance herein are shown graphically 
in Fig. 5(a), and the V’=0 sequence as calculated in 
reference 16 is also shown. The experiments determine 
the product R2q,», and the experimental values for 
this product for the zero sequence are plotted in Fig. 
5(b). Since R2 varies slowly with 7, the points in 
Fig. 5(b) should describe a curve similar to the zero- 
sequence curves in Fig. 5(a). The curve drawn through 
the experimental points is Fraser’s curv: shifted 1.5 
quantum numbers to the left. Shifting the curves in 
this way permits a comparison of the experimental re- 
sults for the V’=0, 1, and 2 sequences. The shift cor- 
responds to a slight change (<0.01 A) in the relative 
position of the two electronic-potential curves that are 
involved. As would be required, it places the zeros of 
the giv and go» [Fig. 5(a) ] curves at the transitions 
that have not been observed either in the present work 
by by Feast” or Lochte-Holtgreven and Dieke™® in 
their emission studies. The positioning of the V’=0 
curve as in Fig. 5(b) yields an | R,|? value of 0.51 
atomic unit and is probably accurate to within +0.10 
atomic unit. With this shift a value of | R, |*=0.63 
gives best agreement with the experimental data for the 
V’=1 and 2 sequences, as can be seen from the results 


Fraser, Jarmain, and Nicholls, Astrophys. J. 119, 286 (1954). 

6M. E. Pillow, Proc. Phys. Soc. (London) A63, 940 (1950). 

7M. W. Feast, Proc. Phys. Soc. (London) A63, 549 (1950); 
W. R. S. Garton and M. W. Feast, Nature 165, 281 (1950). 

18 V. W. Lochte-Holtgreven and G. H. Dieke, Ann. Physik. 3, 
937 (1929). 


in Table I. Discrepancies of this order may be related 
to inaccuracies of both the overlap integral calculation 
and the experiments. Using a value of | R, |?=0.51 
atomic units and using the relation," 


f= (8x?mev/3he*) | R. |, (7) 
the f value for the Schumann-Runge system in this 
spectral region is equal to 0.048. Drawing a curve of 
Qe» through the experimental points assumes that, 
within the experimental error, R.(#) is constant within 
the region investigated where r varies from ~1.45 A 
for (0, 9) to ~1.53 A for (0, 16). A comparison of the 
present results with other data for O, is given in Sec. 
V. 


IV. LINE WIDTH 


An additional item of interest in this work has been 
the effect of temperature and density on the width of 
the spectral lines. It is important for the accuracy of 
the measured absorption coefficients that the spectral 
line widths be reasonably larger than the slit function 
of the spectrograph. Further, changes in line width with 
the state of the gas can be related to physical properties 
of the oxygen molecule. 

The Doppler broadening of the lines is too small to 
be observable with the large Littrow spectrograph. 
For example, at 5000°K the Doppler half-width is 
0.03 A, which is about a fourth of the slit-function 
half-width. However, considerable broadening of the 
lines was observed, especially in experiments at high 
density. In some cases the observed half-width of the 
absorption lines was as large as 0.8 A. This was at- 
tributed to collision broadening of the lines. 

The slit function for the spectrograph was obtained 
by photographing emission lines from a low-pressure 
mercury discharge tube. The lines were densitometered, 
and the data reduced to a plot of the relative intensity 
of the line vs wave number: The minimum half-width 
attainable was about 1.3 cm~! (~0.12 A), which is also 
of the order of the triplet splitting of the oxygen lines." 
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Fic. 5(b). Transition moments for V’=O sequence. 





TRANSITION PROBABILITIES FOR OXYGEN 


A numerical investigation” shows that assuming reas- 
onable shapes for the slit function and absorption 
coefficient curves a slit width of } the line width leads 
to an error of less than 1% in integrated absorption 
coefficient, for absorption coefficients of the magnitude 
investigated here. Accordingly, the present data for 
integrated absorption coefficient were taken from ex- 
periments where the line width was at least three times 
the slit width and no corrections were required. How- 
ever, the measurements of absorption line widths are 
more sensitive to the slit function, so that corrections 
were made for the observed line widths according to the 
calculations of reference 19. These corrections amount 
to about 6% for the-broadest lines and 20% for the 
narrowest. 

A general feature which is immediately noticeable 
is that the spectra taken at high density (up to ~8 
atmos) show appreciably broadened lines. This is what 
one would expect for collision-broadened lines, with 
the line half-width (in cm) increasing linearly with 
the number of collisions per sec suffered by any given 
O, molecule. However, experiments at high temperature 
with relatively low density, showed inordinately broad 
lines. This effect occurred in all cases where there was 
an appreciable number of dissociated oxygen molecules 
in the equilibrium mixture and indicates that the oxy- 
gen atoms are especially effective in broadening the 
molecular lines. All the data can, in fact, be accounted 
for on the basis of collision broadening if it is assumed 
that the optical cross section for molecule-atom colli- 
sions is 2.5 times that for molecule-molecule collisions. 
With this adjustment, the half-width of the spectral 
lines [the value of Av=(m—v».) where k(n) =k(v2) = 
4k(v) ] plotted vs a coordinate proportional to the 
number of collisions per sec for a given oxygen molecule 
gives a straight line (Fig. 6). Since the optical cross 
section is related to the half-width by, 


Av= (v2/mc) (3R/Mo,)'*LoSo,0, 


X [not (Soq0/ Sogo.) o($)*}(T)', (8) 
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Fic. 6. Collision broadening in O. Schumann-Runge system. 


( 056), J. Kostkowski and A. M. Bass, J. Opt. Soc. Am. 46, 1050 
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Fic. 7. Spectral absorption coefficient in the region of 3415 A. 


the slope of the line is equal to, 
(v2/mc) (3R/Mo,) LoSozo2- 


In these relations, m;=number density of particles of 
jth type referred to standard conditions of temperature 
and pressure, S;;=collision cross section for collision 
of ith with jth type, Mo,=molecular weight of O:. 
From the slope, one obtains a value of 6 A for the O.—O, 
optical collision diam and (2.5)! times that, 10 A, for 
O.—O collisions. Since some of the experiments corre- 
spond to as much as 60% dissociation, the factor 2.5 
can be determined to within ~20% by the criteron 
that all the experimental points lie along a straight line. 
The measurements were taken from various spectral 
lines which were chosen, according to the data of refer- 
ences 17 and 18, because they were either clearly 
separated from other lines or were directly super- 
imposed on one other line. There was no noticeable 
dependence of line width on rotational quantum num- 
ber. 


V. COMPARISON OF RESULTS 


The internal consistency of the present results can 
be tested by reconstructing a portion of the absorption 
spectrum from the transition probabilities given in 
Fig. 5(b) and the line width given in Fig. 6, and com- 
paring this with absorption measurements. For this 


purpose a Cauchy line shape was used for the absorp- 
tion coefficient, 


ky= (S/m)[Av/2/(v—v)*-+ (Av/2)?], (9) 


where » is the wave number of the line!” and Ay is 
the half-width obtained from Fig. 6. The quantity S 
is the integrated absorption for the line, 


S= / hidv, 


and is obtained from Eq. (2). The absorption coeffi- 
cient (or spectral emissivity) at any wave number is 
then a sum of the values of , for all lines which contrib- 
ute to the absorption at that wave number. A typical 
reconstruction is shown in Fig. 7, and it can be seen 


(10) 
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that at high temperature there is appreciable absorp- 
tion from rotational levels with K as large as 80. The 
dotted curve is directly determined from a micro- 
photometer record. 

The oscillator strength for the Schumann-Runge 
system has been estimated by Ditchburn and Heddle” 
from photographic measurement of the absorption 
coefficient of room-temperature oxygen; they reported 
the value f=0.259. This corresponds to | R, | 21.28 
atomic units. Data for the V’’=0 sequence, as analyzed 
by Nicholls" using calculated overlap integrals, show 
that | R. | * increases with increasing 7 up to #= 1.34 A. 
and decreases thereafter. The value obtained herein 
of |R. |*=0.51 atomic units at #~1.5 A is consistent 
with this decrease, but because of the large difference 
in internuclear separation at which the transition occurs, 
no quantitative comparison can be made. With photo- 
electric measurement of the absorption of cold O, 
Watanabe et al.*! obtained f=0.169, or | R, | ?~0.836. 
This lower value may be in part related to a lower 
resolution in the photoelectric experiment. 

A more direct comparison of the present results can 
be made with recent measurements of the emission 
from shock-heated O». Keck ef al.* have reported the 
measured emission at three 30-A wavelength bands in 
the ultraviolet for oxygen at 4100°K and densities of 
0.19 and 0.022 atmos. By using the procedure described 
at the beginning of this section, the emissivity (equal 
to k,) can be calculated as a function of wavelength, 
and the net emission over a wavelength interval can be 
obtained. However, to compare with the results of 
reference 3 this detailed calculation is not required, 
since the emissivity is sufficiently small so that self- 
absorption effects may be neglected. For example, at a 
temperature of 4100°K, a density of 0.19 atmos and 
with a path-length of 3.8 cm, the maximum value of 
the emissivity in the wavelength region near 3400 A 


2 R. W. Ditchburn and D. W. O. Heddle, Proc. Roy. Soc. 
(London) A220, 61 (1953); A226, 509 (1954). 
21 Watanabe, Inn, and Zelikoff, J. Chem. Phys. 21, 1026 (1953). 
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is ~0.5. For most of the emission the value is smaller, 
so that the approximate expression (1— exp—k,X) = 
k,X may be used and the average power emitted per 
steradian per micron per cm’ of gas in a direction per- 
pendicular to the shock tube is given by, 


To.= (2 Sox/(w—n) x, (11) 


where the summation is over-all spectral lines within the 
region (v.—»,) and J, is the black body intensity in the 
normal direction at the wave number v. To obtain the 
emission per molecule, Eq. (11) must be divided by the 
number of molecules per cm’, viz., 


p/po(1—a) Xo,Lo. 


The radiation was calculated for the region near 3400 
A and for a temperature of 4100° K, using 7,=86.0 
w/cm? yw sterad. The Jo, obtained, 3.32 10-", should 
be compared with 3.7X10~", given in reference 3. 
The value calculated here includes the effects of 
the 0-11, 0-12, 0-13, 0-14, and 2-15 bands. 
A similar calculation at 3850 A gives 0.62 of the value 
reported in reference 3. This is probably as close an 
agreement as can be expected for the two experiments. 

Finally, the present results may be compared with 
data previously reported‘ for the ultraviolet absorption 
of shock heated air at a temperature of 4380°K and a 
density of 4 atmos. From the present results, molecular 
oxygen in the air under these conditions accounts for 
slightly more than half of the reported absorption. The 
remainder may be associated with absorption by NO 
in this spectral region. The effect of nitric oxide is 
presently being investigated. 
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A method is given for constructing the best hybrid orbitals for a molecule M—(X1- - 


-X;) from a set of n 


atomic orbitals of M, based on the principle of maximum overlap. To illustrate the theory, hybrid orbitals 
for CIF; are constructed from the chlorine 3s, 3p, and 3d atomic orbitals. 





1. INTRODUCTION 


N important first step in the quantum-mechanical 
description of the covalent bond is the construc- 
tion of suitable hybrid orbitals for the atoms involved. 
For example, in a valence-bond description of the 
ground state of methane one pairs electrons in the 
hydrogen 1s orbitals with those occupying four equiva- 
lent hybrid orbitals obtained by taking suitable linear 
combinations of the carbon 2s and 2 atomic orbitals. 
These four orbitals point to the corners of a regular 
tetrahedron, and give the maximum overlap with the 
hydrogen orbitals. 

The construction of hybrid orbitals is relatively 
simple for molecules which possess a high degree of 
symmetry, as does methane, since they can be ob- 
tained from the operations of the symmetry group of 
the molecule. (For a description of this technique see 
Eyring, Walter, and Kimball.') In this paper the prob- 
lem of constructing these orbitals for molecules which 
possess little or no symmetry will be considered. 
Under these conditions one must fall back entirely on 
the principle of maximum overlap: it is known that the 
strength of a bond is roughly proportional to the over- 
lap of the orbitals involved; the stronger the bond 
the lower the energy of the molecule, hence by the 
variational principle, if we maximise the overlap we 
obtain the best wave functions for the molecule. With 
this principle in mind, the best hybrid orbitals y of M 
for the molecule M—(X,---X,), will be defined as 
those which give the greatest total overlap with the 
orbitals 6; of X;. That is, we maximise the sum 


2 Was). (1.1) 


If all the groups X are joined to M by single bonds 
then k=k’. A method will now be described for con- 
structing hybrid orbitals according to this definition. 


2. GENERAL THEORY 


We shall consider a molecule M—(X,---X;,) in 
which all the groups are directly attached to atom M. 
From the set of atomic orbitals ¢)- --¢,, n>k, of M, we 
wish to construct the best hybrid orbitals to be used to 
describe the wave function of the molecule. We shall 


Foire 4 "1 Eyring, Walter, and Kimball, Quantum Chemistry (John 


Wiley & Sons, Inc., New York, 1944), p- 226. 


assume that each group X possesses just one orbital 
which can take part in the molecular binding; let these 
be written as the set 6,---. Our problem is to find 
linear combinations of the form 


vi= Didi. 
j=l 
such that the sum of the overlap integrals, 


Yoaed aus) 


i=1 j=1 


(2.1) 


(2.2) 


is a maximum. With matrix notation, if the overlap 
matrix between the orbitals 0; and ¢; is written R, 
and that between 6; and the best hybrid orbitals as S, 
then we wish to find a matrix A such that 


AR=S, (2.3) 


where the trace of the kX submatrix formed from the 
first k rows of S is a maximum, subject to the condition 
that the hybrid orbitals given by 


{y}=A{¢}, (2.4) 


are orthonormal ({y} and {¢} are column matrices). 

We shall now prove two important theorems concern- 
ing the nature of the overlap matrix S. 

Theorem 1.—The submatrix formed from the last 
n—k rows of S must be a zero matrix. 

Suppose that we have found the best hybrid orbitals 
¥;. If ¥,, r>k has an overlap integral Si, with the 
ligand orbital 6,, then we can form a new orbital 


v= (1407) 4b), (2.5) 


such that 
(a's )= (1+02)4(Su+ASn). (2.6) 
Expanding (1++-d*)-4 for small values of \, we find 
(a's) = (1-3 +++) (Sut+ASn). (2.7) 


It follows that we can always choose A small enough 
and of the correct sign such that y’ will have a bigger 
overlap with 6, than had y, except when Sy, is zero. 
We therefore deduce that of our m hybrid orbitals, 
n—k must be orthogonal to all the ligand orbitals. 


767 
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Theorem 2.—The submatrix formed from the first k 
rows of S must be symmetric. 


If we replace the best hybrid orbitals y; and y; by 
the orthonormal pair of functions 


vi = (1+) 4+), (2.8) 


and 
vi = (14+) 4(¥;-—W,), (2.9) 


the trace of our new overlap matrix minus the trace 
of the old is equal to 


A( Si Si) —$2( Sit S;i) +higher powers of i. 
(2.10) 


Again we can always choose \ small enough and of the 
correct sign such that 2.10 is positive unless S;;= S;;. 
We conclude that the overlap matrix between the best 
hybrid orbitals and the ligand orbitals must be sym- 
metric. 

As a first step in the construction of the hybrid 
orbitals we take linear combinations of atomic orbitals 


en Shit; ({x}=B{o}) (2.11) 


such that the x; are an orthonormal set, and x41" + *xa 
are orthogonal to all the orbitals 6- - -@,. That is 


(x8«)= Dobis(60e)=0, (2.12) 
j=1 
for i=k+1 to n, and /=1 to k, and also 


(2.13) 


>> (bidirj7— 8s) =0. 
j=l 


We first of all construct orbitals xx4: to xn. There are 
n(n—k) coefficients to be determined, and (n—k)- 
(n+k+1)/2 equations of the type (2.12) and (2.13). 
It follows that there is considerable freedom in our 
choice of coefficients providing n>k-+-1. This is evident 
from the fact that if x. and x» satisfy the conditions 
(2.12) and (2.13), then any orthogonal combination 
of these functions also satisfies these conditions. How- 
ever, a suitable set of x’s may be constructed as fol- 
lows: we form x41 by assigning arbitrary values to 
n—k of the coefficients 0,41; (providing that at least 
one is nonzero), solving the k equations 


Libiss.1(bi0e), 


=1 


(2.14) 


to obtain the other & coefficients, and then normalizing 
our function by dividing throughout by 


(Dba?) 


Xi+2 is now obtained by assigning arbitrary values to 
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n—k—1 of the coefficients 5,42,; and solving the equa- 
tions 


Sbass.i(681), 


i=l 


(2.15) 


together with 


Pbk Pey2,7=0. 


j=l 


(2.16) 


This process is continued until we have constructed 
X41 tO xn orthogonal to all the orbitals 6: - -4,. 

We now construct x1°--x orthogonal to xe41° + -Xn 
by the Schmidt process, thus: 


xr= Nil oi— > (x sbi xi}, (2.17) 
Pars) 


xra=Nialoea— Dixie Yxs}, (2.18) 
the N’s being normalizing constants. 

We now have a set of orbitals x1: «+x, which have an 
overlap matrix P (say) with the functions 6,---, 
where 

P=BR. (2.19) 


B, being the submatrix formed by the first k rows of B. 
We have to find an orthogonal kXk matrix C such that 


CP=S, (CC’=I), 


and the trace of S, is a maximum. S§, is the submatrix 
formed from the first k rows of S. Our best hybrid 
orbitals are then given by 


{y}=C{x} =CB,{¢}. (2.21) 


One could at this stage proceed to evaluate the 
matrix C under the condition that ér-S, is a maximum 
and that C is orthogonal. Following the Lagrange 
method of undetermined multipliers leads, however, 
to a set of simultaneous quadratic equations in the 
k? elements of C, and these cannot be easily solved. 
An alternative solution will now be described in which 
we use the result of theorem 2 that S, shall be a sym- 
metric matrix. It will be shown that there are a limited 
number of solutions to Eq. (2.20) under this condition, 
and we shall easily be able to pick out the one which 
gives the maximum value to ér-S. 

Since S, is a symmetric matrix we can take the 
transpose of Eq. (2.20) and obtain 


P’C’=CP=S,. 
Multiplying on the right by C then gives 
P’=CPC, (2.23) 


since CC’=I. Multiplying (2.23) on the left by P 
gives 


(2.20) 


(2.22) 


PP’=PCPC, (2.24) 





CONSTRUCTION OF HYBRID ORBITALS 


PC=(PP’)}, (2.25) 


C=P-(PP’)}, (2.26) 


from which we can calculate the required overlap 
matrix between the ligand orbitals and the best hybrid 
orbitals. 

To find the square root of PP’, we note that it is a 
symmetric matrix hence it can be diagonalized by an 
orthogonal matrix U (say), thus: 


UPP’U’=D (ay: - -a), (2.27) 


where D is a diagonal matrix with elements ay: - «ay. 
It follows that 

PP’ = UD(a;- - -a,) U’, (2.28) 
and 


(PP’)#=UD[(a1)*---(ax)#JU’. (2.29) 


It is seen that there are various solutions of Eq. (2.23) 
corresponding to the (in general) 2* square roots of 
the matrix PP’ which arise from our choice of signs 
for the square roots of the diagonal elements of D. 
It can be proved that the latent roots of PP’ are all 
positive as follows: from (2.27) we have 


D=UPUU’P'U’=QQ’, (2.30) 


where Q=UPU. However, the diagonal elements of 
any matrix QQ’ (Q being real) are positive, hence 
o* +a, are positive and their square roots real. 

It only remains to evaluate the matrix C from ex- 
pression (2.26), and to choose the sign of the square 
roots so that S, has the maximum trace. An example 
of the procedure described in this section will now be 
given. 


3. HYBRID ORBITALS FOR CIF; 


CIF; is approximately a T shaped molecule as shown?: 


Fy 2 


| T 
F;—Cl—F; 


y 


Chlorine possesses seven electrons outside a closed shell. 
Three of these are involved in the formation of the CIF 
bonds, and the other four are contained in two non- 
bonding orbitals. It follows that we require at least 
five orbitals of the chlorine atom to describe the elec- 
tronic structure of the molecule; the 3s and 39 are not 
enough, it is necessary to use the 3d as well. We shall 
now find the best hybrid orbitals of the chlorine as 
determined by their overlap with the fluorine orbitals. 


2D. F. Smith, J. Chem. Phys. 21, 609 (1953). 
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The following set of atomic orbitals will be used: 

3s=R, 3d2= (5/4)*(3 cos*@—1) Ra 
3p,=V3 cosOR, 3dzs= 154 sin8 cosd cospRa 
3p.=V3 sind cospR, 3dys= 15 sinO cos8 singRg 
3py=V3 sind sing Rp 3d,%,?= (15/4)* sind cos2pRa 

3dzy= (15/4)! sind sin2pRg. 

The R’s are normalized radial functions divided by 
2(m)}. 

To simplify the calculation it will be assumed that 
the overlap integrals between the above orbitals and 
the fluorine orbitals are just proportional to the pro- 
jection of the angular part of the chlorine orbitals 


along the three CI—F bonds. With this assumption 
we construct the following overlap matrix: 


Ce: os | 
1 J 1 
3 0 0 
0 3 - 
—5/12 


1534/2 |. 


— 53/2 
O 15%/2 
iO 0 0 
dzz| 0 0 0 
dyz| 0 0 0 


dy|0 0 0 | 


We already have four orbitals which are orthogonal 
to all the fluorine orbitals, we have to construct two 
more from the first five functions in the column to the 
left of (3.1). Following the procedure given in Sec. 2, 
it can be seen that the following orbitals satisfy this 
condition: 

xs= (1/3)[(5)*s—d—v3d2_,). 
xs=[1/(207)*][2(S)'s—3(15)#),+-7d2+V3de2_,?]. 
(3.2) 

We now have to form linear combinations of s, 
Pe, Pz, de, and d,*_,?, which are orthogonal to x, and xg. 
By the Schmidt process we construct the following 
functions: 
u=?, 
x2= (1/12) (2/23)8(24s+-10v3p, 

+3(S)4d2+7 (15) 4d.2_,2), 
xa= (1/12) (2/5)#[2(15)§s+-15ds—Sv3d2_,%). (3.3) 


It now remains to find linear combinations of 3, 
x2, and x3 which have the maximum overlap with the 
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lizand orbitals. The overlap matrix between the x’s We then have 
and @’s, which is represented by the P matrix in Eq. 6 0 0 
(2.19) is as follows: 


1 de + PP’=|0 69/8 —3(23)#/8|. (3.5) 
Xi 0 v3 —v3 
0 —3(23)1/8 99/8 
P= x2| (23/8)! (23/8)! (23/8)! |. (3.4) 
The latent roots of this matrix are 6, and [21(27)#]/2, 
xs| 7/(8)* —5/(8)* —5/(8)! from which we deduce 


| eins, 0 6 0 0 LL 2 0 





PP’=/0 0.928 0.373 ||/0 7.909 0 |{0 0.928 0.373 


bd 


0 0.373 —0.928)|0 OO 13.10 }|0 0.373 —0.928 
and hence 


a 0 0 
(PP’)*=/|0 0.8610+0.139¢ 0.346(b—c) 


0 0.346(b—c)  0.1395-++0.861c 
where a= +(6)!, b=+(7.90)!, and c=+(13.10)'. It can then be shown that 
0.790b+0.211c 0.290(b—c) 0.290(b—c) 


S:=P—(PP’)!P=| 0.290(b—c) —-0.501a-+0.1036+0.396c —0.501a+0.1036+0.396c]. (3.8) 


0.290(b—c)  —0.501a+0.1036+0.396c  0.501a+0.103b+0.396c 


The trace of (3.8) is evidently a maximum when 4, 6, and ¢ are all positive. Inserting the values for these param- 
eters in (3.8) we obtain the overlap integrals between our best hybrid orbitals and the fluorine orbitals as follows: 


2.98 —0.23 —0.23 
1=|-0.23 2.95 0.50 |. (3.9) 


—0.23 0.50 2.95 
The hybrid orbitals themselves are obtained from (3.3) and the expression for P-'(PP’)}!. 
0 0.385 0.588 0.708 0.089){ p. ) 


0.708 0.316 0.039 —0.278 0.568|| s 
—0.708 0.316 0.039 —0.278 0.568)| », 


d, 








(dat? 


To complete the preliminary stages in obtaining the wave function of CIF; we require orbitals to contain the 
nonbonding electrons. It is probable that these point towards the remaining two vertices of the trigonal bipyra- 
mid (three being picked out by the CI—F bonds). The best lone pair orbitals could be expressed as some linear 
combination of our nonbonding orbitals py, dzy, dzz, dyz, x4, and x5, using a similar technique to that described in 
Sec. 2. 

Finally it might be added that the calculations on the CIF; molecule could have been extended by allowing the 
chlorine s, p, and d orbitals to have different radial functions, and by calculating their overlap with the 
fluorine orbitals exactly. Once the initial overlap matrix R has been written down, the calculation becomes no 
more complicated than that illustrated above. 
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Dynamic shear compliance measurements on vinyl and ethyl 
stearate yield results depending critically on the particular 
crystalline modification in which these materials exist at the time 
of measurement. When first crystallized from the melt the ma- 
terials are in a metastable state and only a few very small reso- 
nance dispersions are found in the range 50 to 5000 cps. At later 
times many large resonances occur; the largest is in the vicinity 
of 300 cps for both vinyl and ethyl stearate. While viny] stearate 
is in its metastable state (about 60 days) a reversible transition 
takes place at 24.8;+1,°C such that above this temperature 
there are no resonances from 50 to 600 cps, but below the transi- 
tion point the large resonance near 300 cps always appears. A 
break in the slope of density-temperature curves for vinyl stearate 
occurs between 25 and 24°C indicating that a transition occurs 


in the vinyl stearate while in its 8 form (with the molecules tilted 
with respect to the planes formed by the terminal groups). X-ray 
powder diffraction photographs show no changes in the long spac- 
ing between planes so the transition must involve alterations in 
cross-sectional packing of the chains or a change from a mono- 
clinic to triclinic unit cell rather than a variation in angle of tilt. 
While the details of the crystalline modification at 24-25°C are 
not as yet sufficiently clear to define a specific mechanism for 
the resonance phenomena, the results do prove conclusively that 
the dispersions are intimately connected with the crystalline 
state of the material. Eventually a kind of mechanical spectros- 
copy may be evolved yielding information on the actual crystal- 
line state of solids in much the same way that electromagnetic 
spectra now aid in determinations of molecular structures. 





I. INTRODUCTION 


HARP mechanical resonance dispersions in the 
audio-frequency range have been found in previous 
measurements of the dynamic shear compliance (J*= 
J'—iJ") of polycrystalline metals,! crystalline poly- 
mers,?* single crystals of quartz‘ and fused quartz,‘ 
and single crystals of sodium chloride, copper sulfate, 


and Rochelle Salt.5 The resonances were found to be 
independent of sample dimensions,?~* but to depend 
on the static stress and thermal histories of the samples. 
Resonances observed in highly crystalline (~90%) 
polyvinyl stearate were much larger than those ob- 
served in other materials and this fact suggested that 
measurements on the monomer, vinyl stearate, would 
be of interest. The long side chains present in polyvinyl 
stearate must make a high degree of order in the poly- 
mer possible only if there is side chain crystallinity, 
i.e., it is difficult to conceive of the main polymer chains 
lining up in any regular fashion without a regular side 
chain structure. Hence the crystal structures of the 
polymer and monomer might be similar and the same 
type of mechanical behavior found. 

Another consideration was that long chain hydro- 
carbon compounds such as vinyl and ethyl stearate are 
known to exist in a variety of crystalline modifica- 
tions*" so that changes in the mechanical resonance 


* This is a report of work done under contract with the U. S. 
Department of Agriculture and authorized by the Research and 
Marketing Act of 1946. The contract is being supervised by the 
Eastern Utilization Research and Development Division of the 
Agricultural Research Service. 

1E. R. Fitzgerald, Phys. Rev. 108, 690 (1957). 

2 E. R. Fitzgerald, J. Chem. Phys. 27, 1180 (1957). 

3E. R. Fitzgerald, J. Appl. Phys. 29, 1442 (1958). 

4E. R. Fitzgerald, Phys. Rev. 112, 765 (1958). 

5 E. R. Fitzgerald, Phys. Rev. 112, 1073 (1958). 

6T. Malkin, J. Chem. Soc. 1931, 2796. 

7J. C. Smith, J. Chem. Soc. 1931, 802. 

8 J. W. C. Phillips and S. A. Mumford, J. Chem. Soc. 1931, 1732. 


spectra could be expected to occur with changes in 
crystal form. A correlation between known changes in 
crystalline form and the resonances could then possibly 
lead to an explanation of these puzzling phenomena. 

Measurements of the storage compliance J’ and the 
loss compliance J” made at closely spaced frequency 
intervals in the range 100 to 5000 cps and at tempera- 
tures and times corresponding to different crystalline 
forms are described. The results in part bear out the 
expectations previously cited. 


II. MATERIALS STUDIED 


The vinyl stearate and ethyl stearate used were 
furnished by the United States Department of Agri- 
culture, Agricultural Research Service. The ethyl 
stearate contained less than 0.3% stearic acid and had a 
saponification value of 180.0 (theoretical value 179.5) .” 
Vinyl stearate was prepared commercially from purified 
stearic acid by direct vinylation and crystallized from 
three volumes of acetone. Its iodine number was 80.0 
(theoretical value 81.7). In both cases the sample 
material was received in the form of a fine, white pow- 
der as precipitated from solution; samples were prepared 
by heating to 60°C and casting in a stainless steel mold 
to give pairs of small discs for testing. Freezing tempera- 
tures were found to be 30.5 and 30.9°C for vinyl and 
ethyl stearate, respectively, when cooled from the melt. 
Samples of vinyl stearate cooled slowly from the melt 
to temperatures above 25°C were found to “explode” 
out of the mold in the form of a white, granular ma- 


* R. Buckingham, Trans. Faraday Soc. 30, 377 (1934). 

”V, Vand, Acta Cryst. 1, 697 (1954). 

u E. S. Lutton, J. Am. Oil Chemists’ Soc. 35, 11 (1958). 

2 The samples were ee ae by W. S. Port of the Eastern 
Utilization Research Branch of the Agricultural Research Service 
of the U. S. Department of Agriculture, Philadelphia, Pennsyl- 
vania. 
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TABLE I. Sample dimensions. 





Vinyl Vinyl 
stearate stearate 
Material (A) (B) 





Sample No. 45 47 


Dimensions 
Diameter (in.) 
Thickness (in.) 


0.500 
0.125 


0.375 
0.200; 


0.375 
0.188; 
0.1875 


2.98 


0.319, 
0.316; 


Sample coefficient* (cm) 
Weight (g) 


7.98 


0.3875 
0.382, 


2.80 


0.346 
0.347, 








® Ai/hi+-A2/he—2A/hwhere A is the cross-sectional area and / the thickness 
of each sample. 


terial full of cavities, not suitable for mechanical tests. 
However if the liquid vinyl stearate was quenched by 
cooling from 60 to 15°C within 5 minutes a compact, 
semitranslucent, waxy material was obtained which was 
suitable for dynamic measurements. After a long time 
at room temperature (~25°C) these samples become 
increasingly opaque with white regions visible through- 
out their generally cloudy volume. These observations 
naturally lead to the conclusion that at least two (and 
perhaps more) crystalline forms are possible. 

The behavior of the ethyl stearate upon freezing was 
in agreement with previous observations,®7*-" j.e., at 
30.9°C the liquid became a soft, transparent solid which 
changed instantly to a white, opaque (and less plastic) 
solid at 25.5°C. The change observed at 25.5°C was 
not reversible. This particular transition has been at- 
tributed to a tilt of the stearate chain with respect to 
the crystal planes formed by the terminal groups in the 
lower (8) form while the chains are vertical to these 
planes in the high temperature (a) form. A correspond- 
ing difference is found in the long spacing from x-ray 
diffraction’ as the distance between planes is 28.6 A 
for the a form and 25.5 A in the 6 form. 

A summary of sample dimensions is given in Table I. 


Il. EXPERIMENTAL METHODS 
1. Volume Expansion and Cooling Curves 


In order to locate transition points several cooling 
curves were obtained for both vinyl and ethyl stearate. 
The method consisted of placing about 3 cc of liquid 
sample (at 50°C) in a 5-cc test tube with a two-junction 
iron-constantan thermocouple (No. 30 B and § gauge 
wire) in the center. The test tube was placed in an in- 
sulated container and immersed in a water bath which 
was regulated so that the ambient temperature in the 
air space surrounding the test tube dropped at the rate 
of approximately 0.2°C per minute. A Rubicon" 
potentiometer and pointerlite galvanometer were used 


18, W. O. Baker and C. P. Smyth, J. Am. Chem. Soc. 60, 1229 
(1938). 


4 Rubicon Company, Philadelphia, Pennsylvania. 


to determine the emf between the junctions in the sam- 
ple and reference junctions kept at 0°C. By comparison 
with a standard thermocouple calibrated by the Na- 
tional Bureau of Standards the thermocouple was found 
to be within +0.1°C (equal to the precision of measure- 
ment). Temperature readings of the samples were 
taken every minute and the ambient temperature read 
(by means of a second thermocouple) every two or three 
minutes. 

A mercury dilatometer® was used to determine the 
density of vinyl stearate at various temperatures be- 
tween 50 and 15°C. The dilatometer bulb was im- 
mersed in water in an unsilvered Dewar flask so that the 
appearance of the sample could be noted; a mercury 
thermometer with scale divisions of 0.1°C was placed 
in the Dewar near the dilatometer bulb and used to 
indicate the sample temperature under equilibrium 
conditions. The sample was put in the dilatometer in 
liquid form and thoroughly degassed by alternately 
freezing and melting it under a vacuum (10-* mm Hg) 
to remove all dissolved air or other gases. Degassed, 
clean mercury was then added and the dilatometer bulb 
connected to a 2-mm precision bore capillary in which 
the height of the mercury column could be read to 
within 0.01 mm by means of a cathetometer. For vinyl 
stearate this meant that changes in density of the order 
of 5X 10~ g/cc could easily be determined within +2%. 
All readings were taken under equilibrium conditions, 
i.e., a series of cathetometer readings was taken at each 
temperature until two readings taken from one to two 
hours apart were the same. At the freezing point, for 
example, twenty-five hours were required for an equilib- 
rium height to be reached. 


2. Shear Compliance Measurements 


Complex shear compliance measurements were made 
by means of an electromagnetic transducer apparatus 
previously described.!"* In this apparatus a pair of 
samples is clamped between metal surfaces and sheared 
by a sinusoidally varying stress in a direction perpendic- 
ular to the static clamping stress. Readings of resistance 
and capacitance of an electrical bridge circuit at balance 
are used to calculate the storage compliance J’ (de- 
fined as the amplitude of the strain component in 
phase with the stress divided by the amplitude of the 
stress) and the loss compliance J” (defined as the am- 
plitude of the strain component 90° out of phase with 
the stress divided by the stress amplitude) with a preci- 
sion of +3%,. J’ is a measure of the elastic response or 
energy stored per cycle while J” is proportional to the 
viscous part of the response or energy loss per cycle. 
The ratio J’”/J’ is proportional to the reciprocal Q or 
logarithmic decrement obtained in internal friction 

6 The dilatometer was provided through the courtesy of W. 


Webb and R. R. Nelson. A description of it is given in the thesis 
of R. R. Nelson submitted in January 1959 in aay fulfillment 
of the requirements for the Ph.D. yA at The Pennsylvania 
State University. 


16 FE. R. Fitzgerald and J. D. Ferry, J. Colloid Sci. 8, 1 (1953). 
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measurements. Static clamping stresses vary from 10 
to 10’ dynes/cm? (~15 to 150 psi) while the dynamic 
stress amplitudes are always less than 5X 10* dynes/ 
cm? (~0.08 psi) resulting in strain amplitudes of 
10-5 to 10-7 depending on the sample dimensions and 
properties. All of the results were for strains small 
enough so that compliance changes with strain ampli- 
tude were less than 0.1% over a twofold range in 
strain. 

Sample temperatures are determined by a two-junc- 
tion copper-constantan thermocouple located within 
0.025 in. of the samples. The precision of temperature 
readings is +-0.05°C; comparison of the thermocouple 
with one calibrated by the National Bureau of Stand- 
ards revealed no differences greater than 0.1°C. 


IV. EXPERIMENTAL RESULTS 
1. Cooling and Heating Curves 


Typical cooling curves for vinyl and ethyl stearate 
are shown in Fig. 1. Vinyl stearate exhibited a small 
bump in its cooling curve at 32.6-33.1°C for four 
different sets of measurements so that some sort of 
liquid-liquid transition may take place in this region. 
At this temperature the sample also changed from a 
clear to a cloudy liquid. The freezing point, represented 
by the temperature at which the long plateau occurs, 
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Fic. 1. Cooling curves: (A) vinyl stearate; tallization point 
30.5°C, no evidence of a solid-solid transition; (B) ethy! stearate; 
crystallization point 30.9°C, a— transition at 25.5°C. 
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Fic. 2. Temperature dependence of density for vinyl stearate; 
crystallization point 30.5°C. Descending temperatures, curves 1 
and 3; ascending temperatures, curves 2 and 4. 


was found to be 30.5+0.1°C in each case. At this 
temperature the sample changed from a milky or cloudy 
liquid to a white, opaque solid. Heating curves for vinyl 
stearate revealed a more gradual transition from solid 
to liquid giving a melting point between 31.2 and 
33.2°C. 

Two cooling curves were obtained for the sample of 
ethyl stearate giving a freezing point of 30.9°C in each 
case. No change in the slope or appearance was noted 
while the sample was a liquid. From 30.9 to 25.5°C a 
clear, transparent solid was present but at 25.5°C a 
change to a white, opaque material was noted. This 
corresponds to a small plateau (preceded by super- 
cooling to 24.1°C) observed in the cooling curves 
[see Fig. 1(B)]. A heating curve from 16 to 45°C 
showed no solid-solid transition but only a long plateau 
from which a melting point of 33.2°C was obtained. The 
results for ethyl stearate are in substantial agreement 
with those reported by previous investigators**; the 
cooling curve plateau at 25.5°C corresponds to the 
irreversible a, 8 transition previously mentioned. 


2. Temperature Dependence of Density 


Cooling curves do not yield information on second- 
order transitions or first-order transitions which occur 
very slowly. In order to search for possible transitions 
in vinyl stearate not revealed by the cooling or heating 
curves equilibrium measurements of density—tempera- 
ture were carried out as described in Part III. A portion 
of the density temperature curve for vinyl stearate is 
shown in Fig. 2. Measurements were started with the 
vinyl stearate in the form of a clear liquid at 40°C and 
continued down to 15°C (curve 1). At 32-33°C the 
liquid became cloudy and at 30.5°C began to crystallize. 
The temperature was held at 30.25°C for twenty-five 
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Fic. 3. Enlarged plot of density-temperature curves from Fig. 
2 showing second order solid-solid transitions in vinyl stearate. 
Curve 4: 84, Bs at 24.4°C; Bs, Be at 25.9°C; Be, B; at 29.2°C. 


hours before the crystallization was complete and the 
dialatometer readings became constant with time. Be- 
low 30.25 five different slopes were observed with transi- 
tion temperatures of 27.7, 26.1, 24.7, and 23.0°C. 
Measurements with increasing temperature from 15 
to 30.5°C again revealed five slopes (curve 2) with 
transitions at 23.0, 24.9, 26.5, and 28.7°C. A third, 
descending run (curve 3) from 30.5 to 17.0°C gave four 
slopes with transitions at 28.7, 25.8, and 24.1°C. A 
final, ascending run showed four different slopes in the 
solid state with transitions at 24.3, 25.9, and 29.2°C. 
An additional set of measurements with rising and fall- 
ing temperatures taken before curve 4 fell between 
curves 3 and 4. The existence of different crystalline 
forms in the solid state is also evidenced by the density 
changes occuring in remelting. The first melting occurs 
between 31.3 and 33.6°C (corresponding closely to the 
heating curve results mentioned in part 1 of this sec- 
tion). A second melting then occurs between 34.2 and 
34.8°C, while a third transition (not shown in Fig. 2) 
occurs at 36.7°C. The vinyl stearate appeared to be a 
grayish solid or semisolid between 31.3 and 34.8°C but 
above this temperature portions of clear liquid were 
visible. The entire sample became clear at about 
40°C. 

The solid-solid transitions are shown more clearly in 
the enlarged plot of Fig. 3 where the four slopes finally 
obtained are identified with possible 6;, 62, 83, and Bs 
crystalline states. The entire set of density measure- 
ments extended over a period of 51 days. A summary of 
the results of both cooling curve and density measure- 
ments is given in Table II. 


3. Frequency Dependence of Compliance for Vinyl 
Stearate 


Measurements of shear compliance on sample A of 
vinyl stearate at 25.7°C made from 100 to 5000 cps 
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within 2 to 100 hr after formation from the melt showed 
only one substantial resonance, at 3070 cps. At 19.1°C 
measurements from 100 to 4000 cps revealed no change 
in the 3070 cps resonance but a few additional, small 
resonances were more noticeable than at 25.7°C. The 
sample was kept in the apparatus at temperatures 
between 24.5 and 27.5°C for 1504 hr (about 62 days) 
and then remeasured at 25.5°C. A huge resonance 
was now found at 360 cps. Values of J” increased from 
about 0.02 10-* cm?/dyne off resonance to 95.0 10-° 
cm?/dyne at the resonant frequency. Additional, smaller 
resonances were found at nine other frequencies be- 
tween 500 and 4000 cps. As the temperature was low- 
ered to 13.5, —1.3, and —27.8°C the large resonance 
broke up into a triplet so that at —27.8°C, for example, 
there were resonances at 300, 340, 435 cps with maxi- 
mum values of loss compliance (J’’) of 224, 27, and 
7.0X10- cm*/dyne, respectively. The number of addi- 
tional resonances between 1400 and 4000 cps increased 
from seven at 24.5°C to ten at —28.3°C and various 
changes in magnitude occured as well. These results 
are summarized in Table ITI. 

A second set of samples (B) of vinyl stearate was 
prepared in the same manner as A but instead of wait- 
ing a long time at room temperature the temperature 
was lowered to 14, —1.4, and —28°C within 800 hr 
after the samples were formed. Some of the results are 
shown in Figs. 4-8. Starting at 25.1°C (Fig. 4) there 
are no resonances from 100 to 1000 cps and only a few 
very small peaks from 1000 to 5000 cps; the largest of 
these is at 1005 cps and reaches a maximum value of 
J” of only 0.70 10-* cm?/dyne. When the tempera- 
ture was lowered to 14.2°C, however, a huge resonance 
appeared at 300 cps. This is shown in Fig. 5 where values 
of compliance from 100 to 1400 cps are plotted on a 
greatly reduced scale in order to show the maximum 
in loss compliance of approximately 65.0X10-* cm?/ 
dyne. It is worth noting that the data of Fig. 4 plotted 
to the scale of Fig. 5 would show as a horizontal line 
at the zero level. Additional resonances were found 
between 1400 and 5000 cps at this temperature, one 
having a loss compliance maximum of about 8.0 10~* 
cm?/dyne at 1975 cps, another with a maximum of 1.3X 
10-* cm?/dyne at 1675 cps and the rest, maxima less 
than 0.5X10~ cm?/dyne. 

At —1.4°C the spectrum remained almost the same 
as at 14.2°C; a large resonance occurred at 320 cps 
(J max’ =45X10-* cm?/dyne); and a smaller one at 
1975 cps (Jmax”’=16X10-* cm*/dyne). At —28.4°C a 
triplet appeared as shown in Fig. 5. The triplet reson- 
ances occured at 200, 230, and 285 cps with maximum 
values of loss compliance of 70, 28, and 18X10-° 
cm?/dyne respectively. 

The sample was subsequently returned to 24.9°C 
and remeasured from 100 to 1400 cps. Only one small 
resonance was found with a maximum value of loss 
compliance of 1.0X10-* cm?/dyne at 970 cps. The 
temperature was again lowered to 14.0°C and measure- 
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TABLE II. Summary of thermal measurements. 





Cooling curves* 


Solid-solid 
Sa 


Material 


ae point 


ss point 





30.5+0.1 
30.9+0.1 


Viny] stearate 
Ethy] stearate 


31.2-33.2 
33.2+0.1 


none observed 
25.5+0.1 





Density-temperature curves 


Freezing point °C 
+0.1 


Vinyl stearate +0.1 


Solid-solid transitions 
"~ 


Density-temperature 
coefficient 


Melting point °C 
10-3 g/cm? °C +0.1 





30.5 27.7 


26.1 
24.7 
23.0 


28.7 


26.5 
24.9 
23.0 


28.7 


25.8 
24.1 


29.2 


25.9 
24.3 


Descending (1) 


Ascending (2) 


Descending (3) 


Ascending (4) 


—3.9(30.2 to 27.7) 
+2.0 a to 26.1) 
—2.1 (26.1 to 24.7) 
—0.70 (24.7 to 23.0) 
—0.60 (23.0 to 15.0) 


—3.9 (30.6 to 28.7) 
+2.8 (28.7 to 26.5) 
—1.4 (26.5 to 24.9) 
—0.21 (24.9 to 23.0) 
—0.40 (23.0 to 15.0) 


—3.9 (30.5 to 28.7) 
—0.0 (28.7 to 25.8) 
—2.0 (25.8 to 24.1) 
—0.46 (24.1 to 20.0) 


—3.9 (30.7 to 29.2) 31.3-33.6 
—0.30 (29.2 to 25.9) 

—0.92 (25.9 to 24.3) 34.2-34.8 
—0.42 (24.3 to 20.0) 36.7 





® Identical results were obtained for two sets of measurements. 


ments from 100 to 1400 cps revealed an enormous re- 
sonance at 310 cps. A summary of results on sample B 
is given in Table IV. 


4. Compliance Measurements on Vinyl Stearate 
above and below 24.8,°C 


As a result of the measurements just described it 
became obvious that a transition affecting the mechani- 
cal properties of sample B was occurring between 14 
and 25°C. Hence a series of measurements was insti- 
tuted to close in on the transition temperature; these 
were confined to the frequency range from 50 to 600 
cps and yielded the following results in the order given: 
at 23.8;°C the large resonance was present at 300 cps; 
at 25.0;°C no resonances were present; at 24.39°C the 
large resonance reappeared at 305 cps; at 25.19°C it 
disappeared again. These remarkable results are ad- 
duced in Fig. 7. 

Finally, measurements in the vicinity of the res- 
onance peak (295-305 cps) were made as the tempera- 
ture of the sample was slowly raised from 24.6 to 25.2°C 
and then lowered to 24.6°C again. From these measure- 
ments a transition temperature between 24.7, and 25.05 
was deduced; the mean value was set at 24.8,°C as 
shown in Fig. 8. 


5. Changes in the Compliance of Vinyl Stearate 
with Time 

It has already been pointed out that after 1677 
hr at room temperature sample A of vinyl stearate 
showed a very large resonance at 360 cps. (Sec. 3 and 
Table III). Since no measurements were made on sam- 
ple A between 173 and 1677 hr the exact time at which 
this resonance appeared could not be determined. Sam- 
ple B was measured at 25.1°C at 1415 hr after forming 
from the melt and had no resonance between 50 and 
600 cps. At 1462 hours, however, the same resonance 
(305 cps) previously found only below 24.8,°C was 
now found at 25.1°C in sample B. Measurements at 
1606 and 1773 hr at 25.3 and 25.4°C confirmed the 
continued existence of the resonance. Thus it appeared 
that the state of the sample occurring initially only 
below 24.8;°C was also attained with time at higher 
temperatures, and was the final or stable state at room 
temperature. (see Table IV). The results on B are 
therefore in essential agreement with those on A. 


6. Effect of Static Stress on Compliance Spectrum 
of Vinyl Stearate 


Previous measurements on polyvinyl stearate’ dem- 
onstrated that the positions and magnitudes of me- 
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TaBLE III. Summary of mechanical resonances in sample A of vinyl stearate at various times and temperatures. 





Time after 
crystallization 


from melt (hr) Temp °C 


Resonant frequencies 
(cps) 


Loss compliance 
maxima, J max” 


10-* cm?/dyne Range (cps) 





2-100 25.7 1520 
3070 


3240 


1540 
2840 
3070 
3670 


360 

550 

625 
1510 
1895 
2040 
2315 
2930 
3325 
3840 


420 
475 
615 


1515 
1835 
1955 
2465 
2890 
3285 
3870 


350 
405 
510 
1340 


1510 
1620 


122-173 


1677-1853 


2330-2356 


2691-2832 


1510 
1640 
1695 
1770 
1970 
2110 
3160 
3220 
3670 
3890 





Oo 


100-5000 


— 
Oo 


100-4000 
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Nw 
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chanical resonances were altered by changes in static 
clamping stresses. Therefore a very slight increase in 
static stress (corresponding to one-quarter turn of the 
sample holder screw') was applied to sample B at the 
conclusion of the measurements described in the previ- 
ous section. With the increased pressure only one re- 
sonance was observed in the 100 to 4000 cps region; 


at 2940 cps. The peak value of loss compliance at this 
frequency was about 1.8X 10~* cm*/dyne. The spectrum 
everywhere else was absolutely flat. Subsequently the 
static pressure was reduced to approximately its initial 
value and with this a large resonance reappeared, now 
at 195 cps with a loss compliance maximum of 100X 
10-* cm*/dyne, and accompanied by a smaller reso- 
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nance at 325 cps (Jmax’=10X10~ cuididivne). With 
increasing time the resonance moved to higher fre- 
quencies and decreased in magnitude. A summary of 
these measurements (confined to the 50 to 600 cps 
region) is given in Table V. 


7. Compliance Measurements on Ethyl Stearate 


Samples of ethyl stearate quenched to 15°C from the 
melt and then warmed to 24.2°C were measured within 
a few hours after formation (2.2 to 10.8 hr) and found 
to have only one very small resonance at 1100 cps 
(J max” =0.516X 10-* cm?/dyne) in the frequency range 
from 50 to 1200 cps. From 1200 to 2560 cps no res- 
onances were found but between 29.5 and 69.2 hours 
the levels of J’ and J” increased. That is, values of 
compliance at 2175 cps at 29.5 hr were 0.270 and 0.030X 
10-* cm?/dyne for J’ and J” respectively but at 69.2 
hr were 0.335 and 0.055X10~* cm*/dyne at the same 
frequency! Subsequently at 172.2 to 195.5 hr values of 
compliance from 50 to 1400 cps were obtained revealing 
resonances at 275, 320, and 420 cps with maximum 
values of loss compliance of 80, 5.5, and 1.010 
cm?/dyne, respectively. The results at 2.2 and 172.2 
hr are compared in Fig. 9. Measurements from 50 to 
600 cps made at later times (up to 1200 hr) showed 
that the resonance first observed at 172.2 hr remained 
at practically the same frequency, but the level of 
Jmax’ at 275 cps rose to around 100X10-* cm?/dyne 
while the maximum value of loss compliance of the third 
resonance rose from 1.0 to 3.0X10-* cm?/dyne. Res- 
onances were also found at 1500, 1705, 1845, and 2990 
cps. The results are summarized in Table VI. It should 
be pointed out that results at 26.8°C were the same as 
those at 24.2°C. It was originally intended to drop the 
temperature to 15°C as was done for sample B of vinyl 
stearate but the appearance of resonances in ethyl 
stearate occured before initial meaurements at room 
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4. Variation of complex shear compliance (J*=J’—iJ”) with frequency for vinyl stearate (sample B) at 25.1°C and 
92 to 167 hours after crystallization from the melt. Solid points, J’; 


open points, J”. 


temperature could be completed, (i.e., after 69 instead 
of 1462 hr). 


V. DISCUSSION 


1. Crystalline Modifications in Long-Chain 
Hydrocarbon Compounds 


The main features of the polymorphism of long chain 
hydrocarbon compounds can be summarized briefly 
as follows*": the compounds crystallize with their end 
groups in planes and with the hydrocarbon chains 
either perpendicular (a form) or tilted with respect 
to the planes (6 form). The a and 6 forms can be 
distinguished by their long x-ray spacings which are 
smaller in the 8 than in the a form and by the fact that 
the a form is generally transparent and the @ form is 
opaque. The a forms (perpendicular chains) can be 
further classified according to the cross-sectional 
arrangement of the chains in hexagonal or rectangular 
arrays. The 8 forms (tilted chains) can be subdivided, 
in turn, according to the angle of tilt, or the cross- 
sectional spacings of the chains. Thus in the a form 
hexagonal or orthorhombic unit cells are possible while 
in the B form various monoclinic or triclinic forms 
can exist. A further distinction is made according to the 
relative orientation of the planar zigzag carbon chains 
with respect to each other. These may be randomly 
oriented (freely rotating, e.g., in the a hexagonal form), 
alternate rows may be parallel, or all zigzag planes may 
be lined up in the same direction. Classification accord- 
ing to the carbon plane orientation is particularly useful 
in connection with dielectric measurements where in- 
creased contributions to the polarization occur when 
dipole groups are attached to the rotating chains. It is 
not necessarily true, however, that this type of rigid 
chain rotation or oscillation produces an increased 
mechanical compliance. In fact the large mechanical 
resonance dispersions and increased compliances re- 
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ported here are observed for vinyl and ethyl stearate in 
the stable or 8 form while specific heat,” dielectric con- 
stant,? and nuclear magnetic resonance’® measure- 
ments indicate that rotation takes place chiefly in the 
a forms of these types of esters. 

Various modifications of structure have been reported 
for ethyl esters in both the perpendicular (a) and tilted 
(8) forms. Ethyl behenate, for example has two a 


17 Garner, Van Bibber, and King, J. Chem. Soc. 1931, 1533. 
18 FE. R. Andrews, J. Chem. Phys. 18, 607 (1950). 


eS aa 
1000 1200 1400 


and two # forms according to the density and dielectric 
constant measurements of Buckingham’; the liquid 
solidifies into an a form at 47°C and then undergoes 
an irreversible transition into a2 at 45°C. In both a 
forms the long spacing is 33.9 A. At 43°C an irreversible 
transition into a 6; form occurred and at 30°C a revers- 
ible transition into a 62 form was observed. Both @ 
forms gave a long spacing of 30.1 A. As the temperature 
was subsequently raised and lowered around 30°C, 
however, the change in slope of the density vs tempera- 
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Fic. 6. Variation of 
complex shear compli- 
ance (J*=J’—iJ”’) with 
frequency for the vinyl 
stearate (sample B) at 
—28.4°C. Same scale as 
Fig. 5. Solid i age J 
open points, J’. 
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ture curve at 30°C became less pronounced, until it 
was finally very slight. This behavior of ethyl behenate 
is similar to that observed for vinyl stearate in the pres- 
ent investigation (see Fig. 3) where density measure- 
ments indicate four 6 forms. The temperature density 
coefficient for the 6; and 6, forms remains unchanged 
but after each heating cycle the 62-8; transition becomes 
less pronounced. Unfortunately no x-ray measurements 
have been reported for vinyl stearate although Malkin” 


19T, Malkin, Progress in the Chemistry of Fats (Academic Press 
Inc., New York, 1952), Vol. 1, Chap. 1. 


has reported both long and short spacings for ethyl 
stearate in a 8 form which indicate a monoclinic struc- 
ture of the type shown in Fig. 10. Powder diffraction 
patterns of vinyl stearate cooled from the melt were 
obtained at six temperatures between 30 and 22°C and 
at O°C in the present work, but no changes were ob- 
served by this method.” Thus it appears that the 
crystalline transitions occurring in vinyl stearate be- 
tween 24 and 30°C are monoclinic to monoclinic, or 


” The x-ray diffraction proes were obtained through the 
courtesy of K. Vedam and R. Pepinsky. 
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monoclinic to triclinic, etc., where the long (c) spacing 
is unchanged. 

Changes in crystal structure with time have also 
been noted for ethyl esters® and other long chain com- 
pounds; the a (hexagonal or orthorhombic) forms are 
often metastable and change slowly to the 6 form even 
at temperatures above the normal transition point.” 
The presence of a few percent of impurities of neighbor- 
ing homologs has been found to make the a form of 
normal hydrocarbons stable”! and to delay the transi- 
tion to the 8 form’ in ethyl stearate. The fact that chan- 
ges in crystal structure may occur very slowly with 
time is of interest here since in both ethyl and vinyl 
stearate marked changes occur in the dynamic mech- 
anical properties between 29.5 and 69.2 hr and 1415 
to 1462 hr, respectively, after crystallization from the 
melt. 


2. Effect of Crystalline Transitions on 
Mechanical Resonances 


The remarkable changes in dynamic shear compli- 
ance which occured with time after the samples were 
formed from the melt can be tentatively ascribed to a 
change from a metastable state (possibly a mixture of 
two forms) to a stable form in which the observed 
mechanical resonance can occur. Thus both samples of 
vinyl stearate and the ethyl stearate initially showed 
only a few very small resonances and none between 
50 and 600 cps. However after some time at room temp- 
erature tremendous resonances appeared permanently 
at 360, 305, and 275 cps for samples A and B of vinyl 
stearate and ethyl stearate, respectively. Since slight 
differences in static pressure can shift resonance peaks 
considerably** these resonances are sufficiently close in 
frequency and magnitude to be attributed to the same 
mechanism. Another similarity is that in sample B of 
vinyl stearate and in ethy] stearate when the large peaks 
were not present there were small resonances near 1000 
cps, but whenever the large peaks near 300 cps ap- 
peared the ones near 1000 cps disappeared. 

The most striking feature of the results is the ap- 
pearance and disappearance of a tremendous resonance 
below and above 24.8:°C as described in Sec. 4 of 
Part IV and shown in Fig. 7. This effect was com- 
pletely reversible and reproducible for 1415 hr (about 58 
days) during which time the transition point was crossed 
repeatedly and always with the same result: below 
24.8,°C a large resonance was present near 300 cps 
(along with many others at higher frequencies) ; above 
24.8;°C this resonance (and the others) disappeared. 
During this time the level of the compliance values 
above the transition (with no resonance) were steadily 
increasing, e.g., J’ increased from 0.30X10- cm?/ 
dyne at 120 hr to 0.65X10~* cm*/dyne at 1412 hr. 
Since the density-temperature curves for vinyl stearate 
indicate a (3 to B, transition occurring between 25 and 


1 A, E. Smith, J. Chem. Phys. 21, 2229 (1953). 
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Fic. 8. Values of loss compliance for viny] stearate ( le B) 
at 300 cps for ascending and descending temperatures in the 
vicinity of the transition at 24.8,°C. 


24°C (see Fig. 3) the changes in mechanical behavior 
could be connected with this transition; the resonance 
occurring in the @, form but not in #3. Furthermore it 
appears from the data of Fig. 3 as if the @.-§; and 
Bs-f4 transitions might eventually disappear as was the 
case for the 8-62 transition in ethyl behenate reported 
by Buckingham.’ This would leave the vinyl stearate 
in the 8, form and account for the fact that after 1415 
hr the resonance remained, even with the sample at 
temperatures above the (temporary) transition point. 


3. Analysis of Low-Frequency Resonance in 
Vinyl Stearate 


Although a number of resonances occur when vinyl 
stearate is in the 6, form it seems reasonable to concen- 
trate attention at first on the large resonance near 300 
cps. If some explanation can be found for its occurrence 
an understanding of the other resonances should be 
possible. Resonance dispersions of this kind have been 
fitted by assuming a generalized stress-strain relation- 
ship of the form*+ 

s= koa+ ki (da/dt) + ke(da/dt) (1) 
where s is the stress, a the strain, and ko, ki, and ke are 
constants. Then for a sinusoidal stress of circular 
frequency w it can be established that the components 
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TaBLe IV. Summary of mechanical resonances in sample B of vinyl stearate at various times and temperatures. 





Time after Loss compliance 
crystallization Resonant frequencies maxima, Jmax” 


from melt (hr): Temp °C (cps) 10-* cm?/dyne Range (cps) 





120-137 25.1¢ none Le 100-600 
137-139 24.9; none gay 600-1000 


92.5-113 25.40 1005 ‘ 1000-2800 
2830 


113-118 24.9% 2895 é 2800-3400 
118-119 25.19 none ae 3400-4000 


141-167 24.93 4200 4000-5000 
4300 
4380 
4425 


The foregoing data are plotted in Fig. 4 where the mean temperature is given as 25.1°C 


288-454 14,2 300 
1675 
1900 
1975 
2145 
2160 
3310 
3590 
3710 
3890 
4620 


320 


1685 
1910 
1975 
2190 
2240 


—28.4 200 
230 

285 

1590 

1735 

1870 

2590 

2635 

2770 


1095-1104 970 

1170-1176 310 

1245-1247 300 

1275-1277 

1290-1293 305 

1412-1415 se 

1462-1464 305 65-67 

1606-1609 305 65-67 50-600 
1773-1775 65-66 50-600 
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of complex shear-compliance are account possible background compliances. Figure 11 


= J I4-(1 incgillea i Lmoffag®) ofl" illustrates the exactness with which the experimental 
J! = Jo! + (1/ho) { (1 w/e”) /[ (1 w*/w7?)?+-u*r* ]}, data for vinyl stearate can be fitted by these expres- 

(2) sions. Values of the constants of Eq. (1) selected to give 
J = Je" (A/ bo) (or/[ (1c? /o 2)? J} (3) the fit demonstrated in Fig. 11 are listed in Table VIL. 


Another interesting feature of the results is the ap- 
where r= ki/ko, w,= (Ro/ke)', and J,’ and J,” take into pearance of a triplet resonance at low temperatures in 
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Fic. 9. Variation of 
complex shear compli- 
ance (J*=J’—iJ"’) with 
frequency for ethy] stea- 
rate at different times 
after crystallization 
from the melt: (A) 2.2 
to 10.8 hr; (B) 172 to 
195 hr. Scale in (B) re- 
duced to one-half that 
of Fig. 5 and scale in 
(A) ten times that of 
(B). Solid points, J’; 
open points, J’. 
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vinyl stearate and at room temperature in ethyl stear- 
ate. Two subsidiary resonances appear on the high- 
frequency side of the main resonance at temperatures 
of 13.5°C and below in sample A of vinyl stearate; a 
similar triplet appears at —28.3°C in sample B. The 
associated resonances decrease in magnitude with 
increasing frequency and are smallest for ethyl stearate. 


The locations of the triplet resonances vary somewhat 
with temperature, from sample A to sample B of vinyl 
stearate, and from vinyl to ethyl stearate. The sub- 
sidiary frequencies in all cases however appear to be ina 
fixed ratio to the principal (largest) resonances. Thus if 
the resonances are denoted as occurring at frequencies 
Si, fz, fg where fi is the frequency of the principal res- 
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TaBLe V. Changes in mechanical resonances with time after 
reducing static clamping stress in sample B of vinyl stearate 
(23.6 to 24.0°C and cps). 








Resonant 
frequencies 
(cps) 


Time after 
change 
(hr) 


Static 
stress 
change 


Loss compliance 


maxima 
10-* cm?/dyne 





305 66 
none 


175 


Original value 
0-219 
0-2 


Slight increase vl 
“150 
300 4.2 


195 wl25 
325 10 


205 —100 
335 10 


210 81 
340 8.0 


225 70 
345 5.0 


Decrease to ap- 
proximately 
original value 

51-54 


72-76 
148-150 


384-386 





onance, the ratios f2/f; and f;/f; are found to be 1.14 
0.02 and 1.48+0.04, respectively, in all cases. These 
triplet resonances are summarized in Table VIII. 


4. Comparison with Polyvinyl Stearate 


Large resonances in mechanical compliances have been 
found also in the range 50 to 600 cps in polyvinyl 
stearate.* A resonance of the same order of magnitude 
as those reported here (Jmax’=¥150X10-* cm*/dyne) 
was observed near 200 cps with slight static clamping, 
and smaller resonances were found at 200 and 500 cps 
when the static stress was increased. The 500-cps res- 
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Fic. 10. Possible unit cell for a 8 form of ethyl stearate based 
on long and short spacings obtained from x-rays as reported by 
Malkin."® 
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onance disappeared between 30.5 and 36.4°C, probably 
as a result of a crystalline transition of the type dis- 
cussed in Sec. 2. The 500-cps resonance was also reduced 
by increasing the static compression; in one case it was 
eliminated, but reappeared when the static compression 
was returned to its initial value. This is, of course, 
similar to the effect observed for vinyl stearate (Sec. 
6, Part V). It seems safe to conclude that the res- 
onances observed in monomer and polymer arise from 
the same source—whatever that may be. 
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VI. SPECULATION 


In the absence of detailed information on the crystal 
structures of the various 6 forms of vinyl stearate it is 
impossible to draw any firm conclusions as to the exact 
mechanism responsible for the resonances occuring in 
the 6, form. Enough general information about the 
structure of ethyl esters is available, however, to permit 
some speculation which might prove useful in planning 
future experiments or eliminating certain classes of 
phenomena. As has already been mentioned the fact 





TRANSITIONS AND DISPERSION IN STEARATES 


TABLE VI. Summary of mechanical resonances in ethy] stearate. 








Time after 
crystallization 
from melt (hr) 


Loss compliance 


Resonant frequencies maxima 
10-* cm*/dyne 


Temp °C cps 


Range (cps) 





2.3-10.8 
26.8-29.5 
69.3-71.7 

172-196 


24.25 
24.55 
24.35 
24.2 


1100 


none 


0.52 
general level 0.030 
general level 0.060 


50-1190 
1200-2175 
2175-2560 

50-1400 


none 


275 
320 
420 


275 
320 
420 


275 
325 
430 


275 
325 
430 


on 


314-318 24.056 - 50-600 


an 


483-486 24.19 


Gin 


575-576 26.8 


£08 wnB Lal nk 


oo 





that the large resonance occurs in a 8 form seems to 
preclude a direct connection with rotation of the mole- 
cule about its chain axis because in this form such 
rotation is virtually absent. A type of motion which 
might occur is a rotation of the crystal plane at the top 
of a small crystalline domain relative to its base in such 
a way as to maintain the long spacing but change the 
direction of tilt (orientation) of the domain. In a poly- 
crystalline material consisting of small units oriented 
at random there must occur many interfaces between 
the units where the angles of tilt are in opposite direc- 
tions leaving a diamond shaped void as shown in Fig. 
12(a). Either of the neighboring two-domain complexes 
could then swing around into the void (if swinging space 
were available) as demonstrated in Fig. 12(b). Such a 
domain inversion would amount to a precession of the 
individual tilted chains of the swinging domains [Fig. 
12(c) ]. Under an alternating stress the domains could 
swing back and forth or perhaps rotate with an angular 
frequency wp giving rise to a resonance when the applied 
stress is at the same frequency. As with any model 
there are many objections to this one, but it is attrac- 


TaBLE VII. Analysis of dispersion data for the large resonance 
in vinyl stearate (sample B) at 24.3°C based on Eqs. (2)-(3). 





Resonant uency f, (cps) 305 
Raine ae sec) 3.59X 10% 


Modulus ko (dyne/cm*) 2.210" 
1/ko (cm*/dyne) 0.45X10-" 


First derivative constant, hi 7.77X10 
(dyne-sec/cm*) 


Second derivative constant, ke 
(dyne-sec?/cm*) 


6.0X108 


PY 0.45X10-* 


Background comp. J 
(cm*/dyne) 12 : 


tive since a precessional frequency of the sort envisaged 
could be quite low. For single crystals and other ma- 
terials without long chains the precession or rotation of 
edge dislocations could be invoked in a somewhat similar 
manner. 

Perhaps the most straightforward approach is to 
postulate the existence of certain excited crystalline 
states with energies very close to the ground state 
energy for a particular unit cell, and to attribute the 
absorption resonances to transitions occuring from the 
ground state to excited states according to certain 
selection rules as is done for molecular and atomic 
spectra. The effect of static stress could then be ex- 
plained in terms of shifts in excited levels, removal of 
symmetry degeneracies, and so on. Starting with the 
lattice energy for a crystal, energy levels could be 
determined assuming each resonance at frequency f, 
corresponds to a transition between levels of energy 
differences hf,. This would lead to very closely spaced 
levels (for vinyl stearate, 4300=2.0X 10-* erg or 1.2X 
10-" ev) by the usual standards. Such an analysis is 
beyond the scope of the present article, however. 


TABLE VIII. Triplet resonances in vinyl and ethy] stearate. 





Triplet frequencies 
(+3 cps) 


T°C hh ih Safi Slf 





13.5 
—1.3 
—27.8 


—28.3 


420 
350 
300 


200 


475 
405 
340 


230 


615 
510 
435 


285 


1,134.02 1.46+.02 
1.164.02 1.46+.02 
1.134.02 1.45+.03 


1.15.03 1.434.03 


24.0 320 420 1.16.03 1.524.03 
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Fic. 12. Diagram illus- 
trating possible precession 
of crystalline domains in 
the tilted (8) form of vinyl 
stearate. 








VII. CONCLUSIONS 


Complex shear compliance measurements on vinyl 
and ethy] stearate yield results depending critically on 
the particular crystalline modification in which these 
materials exist at the time of measurement. When first 
cooled from the melt the materials are in a metastable 
form and only a few wery small resonance dispersions 
are noted in the range 50 to 5000 cps. At later times 
numerous large resonances appear; the largest is in the 
vicinity of 300 cps for both vinyl and ethyl stearate. 

While the vinyl stearate is in a metastable state (for 
approximately 60 days) a reversible transition takes 


place at 24.8,+0.15°C such that above this temperature 
there is no resonance in the region from 50 to 600 cps, 
but below the transition the large resonance near 300 
cps always appears. A transition between 24 and 25°C 
is also indicated by a break in the slope of density- 
temperature curves obtained for vinyl stearate. The 
appearance and disappearance of the huge resonance 
at 300 cps is tentatively ascribed to a transition occuring 
in the vinyl stearate while in its 8 form with the mole- 
cules tilted with respect to the planes formed by the 
terminal groups. X-ray powder diffraction photographs 
show no changes in the long spacing (between planes) 
at temperatures from 30 to 0°C so the transition must 
involve changes in cross-sectional packing of the chains 
or a change from a monoclinic to triclinic unit cell 
rather than any change in the angle of the tilt. 

At lower temperatures the large resonance in vinyl 
stearate splits into a triplet; although the principal 
resonance frequency f; varies somewhat with tempera- 
ture and for different samples, the ratios of the sub- 
sidiary triplet frequencies to f; is always constant. 

The details of the crystalline modification occurring 
between 24 and 25°C in vinyl stearate are not as yet 
sufficiently clear to define a specific mechanism for the 
resonance phenomena, but the results prove conclu- 
sively that the dispersions are intimately connected with 
the crystalline state of the material. Future measure- 
ments are planned on other long chain hydrocarbons 
where transitions of a known character occur. 

In the meantime one can speculate that a kind of 
mechanical spectroscopy eventually may be evolved 
yielding information on the actual crystalline state 
of solids in much the same way that electromagnetic 
spectra aid in determinations of molecular and atomic 
structure. 
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A derivation is given for the vibrational polarization and the vibrational polarizability of a molecule in 
several degrees of approximation. From the expressions derived, the vibrational polarization is calculated 
for a large number of molecules. A discussion, within the framework of the present derivation, is given of 
the atomic polarization, and a detailed comparison with previous theories is made. 





I. INTRODUCTION 


HE so-called atomic polarization of a molecule may 

be defined by the frequency limits of the polariza- 
tion terms at higher frequencies, the electronic polariza- 
tion, and those at lower frequencies, the rotational or 
orientation polarization. For the isolated molecule, in 
the absence of external perturbing forces other than the 
electric field, the atomic polarization terms may be 
calculated exclusively from the transition probabilities 
and frequencies of all the possible transitions between 
vibrational states of the molecule. In keeping with the 
nomenclature of the other polarization types, which 
are named according to the type of transition to which 
they can be related, this contribution to the total 
polarization will be termed the vibrational polarization. 
In the presence of intermolecular forces, perturbation 
of the energy levels of the isolated molecule leads to the 
alteration of the transition frequencies and transition 
probabilities. Under conditions of strong interaction, 
absorption, bands and related contributions to the 
polarization may result from an absorbing system, com- 
posed of more than one molecule, in which the com- 
ponent molecules are in strong mutual interaction. 
Consequently, the atomic polarization of a molecule 
may include both the vibrational polarization and 
polarization terms related to mechanisms of vibra- 
tional energy absorption depending upon strong inter- 
molecular interactions. 

The present work is concerned with the derivation 
of the vibrational polarization and the vibrational 
polarizability. An attempt at a rigorous derivation, 
with the sequence of degrees of approximation defined 
in the development, permits a closer examination of 
the validity of approximations inherent in previous 
treatments, which may all be deduced from the general 
expressions developed here. Furthermore, the data on 
vibrational intensities that have become available in 
the literature in recent years make numerical calcula- 
tions possible for a large number of molecules. 

* This research has been supported in part by the Office of 
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ment is permitted. 

+ This paper represents a part of the work to be submitted by 
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versity in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy. 

t General Electric Fellow in Chemistry, 1958-1959. 


II. THEORY 


Quantum-mechanical perturbation theory leads to 
the following expression for the polarizability of a 
molecule in a quantum state m, randomly oriented in 
space in the presence of a time-dependent external 
electric field of frequency >’: 


> | (n| p|n’) |»(n’; n) 


2 
(nlala)= 3 2(n’, n)—P 


3h ntinten) 





(1) 
where 
| (m| p| »’) P= 201 (ml Pol #’) , g=%,4,%, 


and 


(n | Po | n’) = [ vn" batwde 


defines an axial component of the dipole moment 
matrix element associated with the transition n—n’, 
between the states and m’, whose wave functions are 
denoted by y, and yp, respectively. In Eq. (1), 
v(n’; m) is the frequency corresponding to the transi- 
tion n—n’, p, is the vector dipole moment component 
of the molecule along the g axis, and h is the Planck 
constant. In the general case, where the states m and n’ 
are degenerate, consisting of sets of sublevels, b=,, 


and b’=b,,, respectively, the total matrix element is 
given by 


(2) 


where the summation is made over all the individual 
degenerate states b and 0’. 
On combining Eqs. (1) and (2), one obtains in the 


limit of the frequency of the external field approaching 
zeTo 


| (n| p| n’) P= Dol (n| Mn) P, 


lim( | a | 2)=(n| a| n) 


2 Dow | (n| M | n' Ni 


3h wiheen) v(n’;n) 





(3) 


It is seen from this equation that the distortion 
polarizability, (| a |), of a molecule depends on two 


1 Eyring, Walter, and Kimball, ag Chemistry (John 
Wiley & Sons, Inc., New York, 1944), p. 
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independent sets of terms which are highly specific 
for a given molecule: (a) the characteristic transition 
frequencies, v(m’; m), and (b) the matrix elements, 
| (x | M|n’) |? associated with the transitions n—n’, 
which determine the intensity of absorption at the 
frequency v(m’; m). If it is assumed that the dispersion 
of (m|a|m) in terms of | (n| M | n’) |? and v(n’; n) is 
given with sufficient accuracy in Eq. (1), which carries 
with it all the approximations made in first-order 
perturbation theory,’ it remains to develop these two 
molecular quantities in terms of approximations which 
may be used to derive them from experimentally 
realizable quantities. The terms v(m’; n) can be meas- 
ured directly by experiment, and consequently no 
further assumptions inhere in their use in Eqs. (1) and 
(3). On the other hand, the terms | (m| M | n’) |? are 
not directly measurable and certain approximations 
must be made to permit their formulation by way of 
observable quantities, namely the intensities of ab- 

‘ sorption bands due to the transitions nn’. 

The summation in Eqs. (1) and (3) is over all states 
n'(n’¥n) to which transitions occur from the fixed 
state m. If only transitions characterized by a specific 
change in quantum numbers designating the two states 
nm and n’ are included in the sum, the polarizability 
related to an individual transition n—n’, with a fixed 
value of the quantum numbers necessary to specify 
state n, is given by 


2 Low | (n| Mn’) P 
3h y(n’; n) : 


In the foregoing, the designation m alone has ap- 
peared in the equations to specify the quantum state n. 
In the case that a quantum state m has associated with 
it a set of quantum states designated by a separate 
inner quantum number i, each of the matrix elements, 
| (n|M|n’) |?, is composed of the summation over 
all allowed values of i associated with n: 


| (m| M | n’) aah (i,n|M|i’,n’) J, (5) 


i aa 


(n| a|n’)= 





(4) 


where the summation over a, a’ corresponds to the sum 
over all individual degenerate sublevels of a state 7. 
Transitions characterized by a matrix element 
| (i, | M |i’, n’) |? in the sum in Eq. (5) correspond 
to a change in quantum numbers: (i, )<(i’, n’), 
subject to selection rules governing the transition, and 
result in an absorption frequency v(i’, n’; i, m). Conse- 
quently, Eq. (4) is rewritten in terms of Eq. (5) as 


(n|aln)=Di,n lel 7,2’) 





(6a) 


== Da" 22.0! | (i,n| M |i’, n’) iy 


v(i', n'; i, m) 


At this point, it is convenient to differentiate between 
transitions in which the absolute energy of the molecule 


2 See, for example, reference 1, Chap. 7. 
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is increased by absorption of energy from the external 
electric field, and those in which the absolute energy of 
the molecule is decreased by emission of energy by the 
molecule. If the energy of the quantum state (i’, m’) is 
greater than that of the state (i, m), (i, m|a|i’, n’) 
denotes a positive contribution to the polarizability 
associated with the transition (7, 2)—(#’, n’), having 
the absorption frequency v(i’, n’; 1, m). If the energy of 
state (i’,m’) is less than that of state (i,n), 
(i, 2 | «| 2’, n’) will denote a negative contribution to 
the polarizability associated with the transition (i, m)— 
(i’, n’), having the emission frequency (i, n; 7’, n’). 
The matrix elements for the transitions between state 
(i, m) and (i’, n’) are equal for the absorption and the 
emission transition; the absorption and the emission 
frequency are equal and opposite in sign. These con- 
ditions allow one to write 
(n|a|n’)=>o(i,n|ali’,n’)=—(n'|aln). (6b) 
Consider now N molecules, where N is the Avogadro 
number, distributed in thermal equilibrium at a given 
temperature 7, over the states m and i, such that 


Dt UN inl = DNa=N. 


Equation (7) expresses the assumption that the 
summation over all the energy states (i, m) accounts 
for all the N molecules, implying that if there are 
energy states, m, of which the set of states m, is a sub- 
set, only the state of the particular value of m being 
considered is assumed to be populated. In particular, if 
the states refer to the vibrational states of the mole- 
cule, the states 7 referring then to its rotational states, 
only a single electronic state, m=0, i.e., the ground 
electronic state, is assumed to be populated. 

The polarization of the NV, molecules occupying the 
state m and the WN,’ molecules occupying the state n’, 
related to the transition mn’, including the entire 
subset of transitions (i, 2)<>(i’, n’) summed over all i 
and 7’ is then given by 


P(n;n')= Dh (i,n| Pl, n)+@, n' | Pli,n)} 


(7) 


= (44/3) DU{Nin—Nen) (in| a] i’, n’)}. (8) 

For all transitions nn’, involving all combinations 
of states for which the change in quantum numbers is 
identical, P(n;n’) is summed over all m giving the 
polarization of the N molecules related to this transi- 
tion as 


P(An=const.) = (82/9h) 


: >| > (Nin— New) Dow Loa’ | (in| Min!) ‘| 


v(t’, n’; 1, n) 





(9) 
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Equations (6) and (9) will now be applied to de- 
velop expressions for the polarizability and the polariza- 
tion related to vibrational transitions. In this case, 
the inner quantum number i in the previous notation 
corresponds to the rotational quantum number J, and 
the quantum states m correspond to vibrational states 
characterized by the set of vibrational quantum 
numbers: %, %%, %%°*°%. The dipole moment matrix 
element, | (J, 2 | M| J’, n’) |?, for the transition char- 
acterized by the change in quantum numbers: (J, ”)<> 
(F, n')== (J, M1, U2°° m%)>(J’, 1’, Dy! ** %), is related 
to the absolute line intensity, A(J, ; J’, n’), for the 
transition between two of the degenerate vibrational 
sublevels: b= 6, and b’=5,-, ahd summed over all the 
individual degenerate rotational sublevels: a=a, and 
a’=a,', which are subsets of these vibrational levels, by 
the equation,* 


gsA(J,n; J’, n’) 
= (84*/3hc) (Ns n— Ny n)v( J’, n’; J, 2) 


| (J,n| | J’,n’) 2, (10) 


e,e/ 


where N,,, and I,-,,* are the number of molecules/cm* 
in the states defined by the set of vibrational quantum 
numbers and m’ and the rotational quantum numbers 
J and J’, respectively. »( J’, n’; J, 2) is the absorption 
frequency corresponding to a single line in the vibra- 
tion-rotation band, c is the velocity of light, and g, is 
the degeneracy of the lower rotational state, consisting 
of g, rotational sublevels. 

The summation of the line intensity terms in Eq. 
(10) over all the individual degenerate vibrational 
sublevels 5, yields, upon solving for the associated total 
vibrational matrix element summed over all possible 
combinations of the levels of the upper state with those 
of the lower state,‘ 


>>> CAL AR AI 


_ She gngsA(J,n; J’, n’) 
8x* (Nsn— Wyn) v( ¥; n'; J, n)’ 





(11) 


where gp is the degeneracy of the lower vibrational state, 
n, which consists of g, vibrational sublevels. 

Equations (9) and (6a) can now be combined with 
the value of the total vibrational matrix element ob- 
tained from Eq. (11) to give the polarization and the 
polarizability, respectively, related to the infrared 
active vibration-rotation band characterized by the 


+B. L. Crawford, Jr., and H. L. Dinsmore, J. Chem. Phys. 18, 
983, 1682 (1950). 

‘Compare with the Einstein coefficient of absorption for 
transitions between ~~ states, G. Herzberg, Spectra of 
Diatomic Molecules (D. Van Nostrand Company, Inc., Princeton, 
New Jersey, 1950), second edition, p. 21. 
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vibrational transitions, Ap, =7;, Ave=je° + *Av.= jx, a5, 


P (Av,= ju) 





Rd (Nan— Nan) gngsA (J, Nn; J’, | 
>> (Ny .n— Msn) ¥*( J’, n’; J, n) ’ (12) 


and 
A(J,n; J’, n’ 
(nlala’)=75> gngsA(J,n5 J’, 0’) 


(Nsn— Wyn’) v?( J; n’ ; J, n) 





(13) 


Equation (12) permits the exact evaluation of the 
polarization related to all the vibrational transitions 
associated with Av,=j,, if the experimental quantities 
gngsA(J, n; J’, n’) and v( J’, n’; J, n) for each of the 
lines in the vibration-rotation band, and the molar 
volume, V,, are known. If, in addition, the combined 
partition function for vibration and rotation, Ory, is 
accurately known, the polarizability can be exactly 
determined from Eq. (13). This is possible through 
substitution for the populations, V,,, and Ny-,., and 
the populations per cm’, 91,,, and I,-,,’, in terms of the 
Maxwell-Boltzmann distribution of molecules among 
the energy levels: 


Ni n= (N/Oev) exp[— E( J, n)/kT], (14) 


Nyn= (N/Oav) explL— E( J, n)/kT], (15) 


where E( J, m) is the energy of a molecule in the state 
(J, n). Equations (12) and (13) may then be written 


Vine 


: c 
P(Avn,=jx) = Fmt 





{= gngsA(J, nN; J’, n’) 
J v( J’, n’; J,n) 


, (16) 
and 


(n | a| n’) = (Onvc/4x*2) 





> [1—exp(—u(J’, n’; J, n)) }gngsA (J, Nn, J’, n’) 
7 exp[— E( J, n)/kT]y*( J’, n’; J, n) ; 


(17) 
where u(J’, n’; J, m) is defined by the relation 


u( J’, n’; J,n)=(he/kT)v( J’, n’; J,n). 


These considerations show that the evaluation of 
P(Avu,=j,) and (n|a|mn’) from individual line in- 
tensities and line frequencies according to Eqs. (16) 
and (17) is limited in exactness only by the exactness 
of Eqs. (1) and (10), and, in the case of the polariza- 
bility, further by the exactness of the partition func- 
tion. It is important to note that the explicit form of 
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the vibrational matrix elements need not be known if 
this type of experimental data is available. Unfortu- 
nately, only a very few investigations providing the 
experimental quantities requisite for the use of Eqs. 
(16) and (17), even for restricted values of the j;’s, 
exist at this time. The experimental conditions of most 
intensity determinations result in the measurement of 
the integrated intensity of the pressure-broadened band, 
in which all rotational fine structure has been erased. 
Furthermore, due to the approximate coincidence of the 
set of frequencies, v(m’; n) over all values of m, the 
overlapping of intensity terms, A(m; »’), results in an 
experimental integrated band intensity in the vicinity 
of v(m’; w), the frequency at the center of the vibration- 





gngsA(J, nN; af" n’) 
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rotation band, given by the expression: 
Acw= A (Am=jr) = DignA (n} 0’) 


=D DengsA(J,n; J’, n’)}. (18) 


Equation (11) may now be used for the evaluation 
of any two terms, gngsA (J, ; J’, n’) and gangyA( J”, 
n'’; J’”, n’), where the latter term refers to a transi- 
tion occurring between the lower state (J”, n’’) and 
the upper state (J’”’, n’”’), consisting of the gygy 
substates: c=ay, d=b,, and the gags» substates, 
c’=ayn, d'=by, respectively. The ratio of these 
terms is given by 


(Ny n— yn) J’, n’; J, n) Dive Deae’ | (J,n|M | J’, n’)|? 





gnrigarA (y* n'’: yn: n'’') a (Myr gre— Nygerr ger) (J, n'"’: I: n'’) » A ye | Cr. n"’ | M | Y go? n''’) \2" 


Substitution for g,g,A (J, n; J’, n’) in Eq. (18) supplies 
the relationship between the experimental total band 
intensity, A (Av,=j7,), and the individual line intensity 
terms. If the combined equation is solved for 
gargs A( J", n”; J’, n’”), and the expression resulting 
from this step is substituted into Eq. (19), the indi- 
vidual line intensity terms can be evaluated as 


gngsA (J, n; J’, n’) 
: _ 4, F(J, %» 5a) 
=A (An= i) 5 > F(J, Diy ju) }? 
n J 





(20) 


where 

F(J, Uk, je) 

= (Nsn—Nynr)v( J’, n’; J, n) >, do\(J, n| MJ’, n’) |. 
b,b/ a,a/ 


Since an expression for the individual line intensities 
has been obtained in Eq. (20), the associated polariza- 
tion summed over all J and n, derived in Eq. (12) can 
now be expressed in terms of experimental quantities as 


cA(An,=7j,) 
3x? {UF (J, Viy Jr) } 





P(Av,= jx) = 





n 


j >| yea Naw’) Do.0 Quaa'|(J,n| M | J’, n') ‘} 


J v(J’, n’; df; n) 


(21) 


Substitution of Eq. (20) into Eq. (13) allows the 
evaluation of the polarizability as 


( l "= cA (An=jx) 
wa me © Aa {DOF (I, ty je) } 








(22) 


dew dae’ | (J, n | M | J”; mw)? 


v( J’, n’; J, n) 


(19) 





It must be noted that Eqs. (21) and (22) have the 
same degree of exactness as Eqs. (12) and (13), if the 
experimental criterion expressed in Eq. (18) is satisfied. 
The continuation of the development of these equations, 
however, necessitates the evaluation of various sums 
over the rotational and vibrational quantum numbers, 
which is feasible only by approximate methods. 

The summation of F( J, v:, 7.) over J which appears 
in Eqs. (21) and (22) may now be evaluated by the 
use of the expression for the integrated band intensity, 
A(n;n’), of a vibration-rotation band® 


A(n;n') = igsA(J,n; J’, n') 
J 


= (8x*/3hc) (Sta—Nn)»(n'; 2) | (n| M | n’) (23) 


where 9, and 9, are the number of molecules per cm’ 
in the vibrational states defined by the set of vibra- 
tional quantum numbers m and n’, respectively, and 
v(n’; n) is the band center absorption frequency of the 
transition nn’. 

Equation (23) is an approximation which must be 
examined by comparison with expressions for A(n;n’), 
which have been derived by means of an exact summa- 
tion of the component intensities of the vibration- 
rotation band. If the interaction between vibration and 
rotation is neglected, and the assumption is made that 
the ratio (2Bo/v(n’; )), where Bo is the rotational 
constant of the molecule, is negligible with respect to 
unity, the equations developed by exact summation, for 
the specific cases of diatomic molecules,*:*” of parallel 
bands of linear polyatomic molecules,’ of perpendicular 
bands of triatomic molecules,* and of spherical top 


5 Wilson, Decius, and Cross, Molecular Vibrations (McGraw- 
Hill Book Company, Inc., New York, 1955), p. 164. 

®R. Herman and R. F. Wallis, J. Chem. Phys. 23, 637 (1955). 

7 jan Nielsen, Shaffer, and Waggoner, J. Chem. Phys. 27, 
40 , 

* D. F. Eggers, Jr. and B. L. Crawford, Jr., J. Chem. Phys. 19, 
1554 (1951). 
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molecules,® all reduce to Eq. (23). Since this approxi- 
mation is accurate to a maximum error in A(n; n’) 
lying within the experimental error of intensity meas- 
urements of pressure-broadened bands, Eq. (23) will 
be used in the present derivation. 

The summation of the intensity terms A (n; ’) over 
all the individual degenerate vibrational sublevels }, 0’, 
yields 


gnA(n;n’) = DogngsA (J, n; J',n’) 
= (84? /3hc) (Mn— Nn) v(m’ ; n) \(m|M|n’)|2. (24) 


From Eqs. (11) and (24), and the definition of 
F (J, ve, jx) in Eq. (20), it is evident that 


G( 0%, Jr) ” DFJ, Vey je) ae. ( tf nN; J’, n’) 
= (Mn— Mn) v(n'; n) 2 (n|M{n’)[. (25) 


In terms of the approximation for the band intensi- 
ties, Eq. (23), the polarization and the polarizability 
are now given by the following relations, obtained by 
the combination of Eqs. (21) and (22), respectively, 
with Eq. (25), 


cA (Av, = je) 
3x? > G( 0, jr) 





P(AvX,= je) = 





>> pa Ny n’) YD." \(J, n | M | J’, n’) ‘h 


J v( J’, n’; J,n) 


(26) 
and 


cA (Av, =jx) 
4n* > (G(0, jx) 





(n|a|n’)= 





Be | (J,n|M| Jn’) P 


v( J’, n’; J, n) 


Now to evaluate the sums over J in Eqs. (26) and 
(27), the matrix elements associated with the transi- 
tions (J, m)<+(J’, n’) may be expressed in terms of the 
vibrational matrix elements corresponding to the set of 
these transitions summed over all J by the relation® 


Yl (Smal Jn! 


= Di(Sr0)s,9°*( Pre) s,.0(n | My | n')*(n | Myr | 0’), 


Fog! 


(27) 


(28) 


where the terms (%,,),,, are the direction cosine 
matrix elements between the space-fixed axes, F, and 


(1983) N. Schatz and D. F. Hornig, J. Chem. Phys. 21, 1516 
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the internally fixed axes, g. By neglecting the rotational 
quantization of the molecular energy levels and as- 
suming that the vibrational and rotational energies are 
separable, one may write for the average value of the 
line frequency terms in the summation over J, 


v(J', n’; J, n) w=v(n', n)+r( J’, J) mw=v(n';n), (29) 


since v( J’; J) assumes positive and negative values in 
this summation. It can be shown® that, contingent 
upon the same assumption, the direction cosine matrix 
elements can be replaced by their nonquantized average 


value 
C(Bpp) s,2°* (Br) 2,2° w= (Bq *® ry) = 8y9°5- (30) 


Substitution of this result in Eq. (28), and use of 
the evaluated matrix element, together with the ap- 
proximation of Eq. (29), in Eqs. (26) and (27), 
finally yields 
cA (Ax,= Ju) 


3x? >_G(vx, jx) 





P(Avj,.= jx) = 





(Wa— Nw) Dow | (w || WDE 
pe vn"; n) Je. 


and 


cA(Au=jr) Diva |(n|M|n’)P 
4n* >°G (0%, jx) y(n’; n) 


(n| a\|n’)= 





« (32) 


Since the underlying assumptions which have been 
used for the evaluation of the sums over J in Eqs. (26) 
and (27), are exactly those which lead to the band 
intensity relation, Eq. (24), any further refinement 
would not be warranted in the absence of a general 
form of an equation for the intensity more exact than 
Eq. (23). 

Returning to Eq. (31), for the polarization related 
to the transition Av,.=7;, one obtains the total polariza- 
tion related to the infrared active vibrational transi- 
tions, Av=j,, by summation of the terms P(An,=j;) 
over all &, with the result 

P(Av= jx) = 2 P(An= jx). (33) 

Consequently, the total vibrational polarization due 
to all possible vibrational transitions, Av,.=j7;, for all 
values of & and j;, can be evaluated from the relation 
P(A») = Di P(Av=jx)= DD P(Am=ji)}. (34) 

qk ik 

Similarly, the total vibrational polarizability of the 
molecule in its vibrational state m is then given ac- 


cording to Eq. (3) by summing (n|a|n’) over all 
states n’ as 


(nja|ln)= D> (nlaln’). 


n! (n/n) 


(35) 
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In order to calculate the summations over n in Eqs. 
(31)-—(35), the matrix elements |(n | M | n’)|* must now 
be expressed as an explicit function of the summation 
variable, »,. In the foregoing development, the as- 
sumption of the noninteraction of vibration and rota- 
tion, as in the rigid rotor model, has been incorporated 
through the line intensity relation,“ Eq. (10), and 
through Eqs. (23) and (29). The evaluation of the 
vibrational matrix elements may now be carried out in 
the anharmonic oscillator and the harmonic oscillator 
approximation. 


General Limiting Case of the Anharmonic 
Oscillator Approximation - 


Before proceeding with this treatment, a limiting case 
of Eqs. (31) and (32) in which the evaluation of the 
polarization and the polarizability terms is independent 
of the form of the vibrational matrix element, will be 
discussed. If the Maxwell-Boltzmann law relations for 
(N,—Nn-) and (N,—MNy) are substituted into Eqs. 
(31) and (32), it can be shown" that one obtains in 
the limit: exp(—u(n’; 0))<1, where nm’ is any upper 
state of the molecule, the limiting equations, 


Vine A (Av.=jr) 


P(Av.= jx) si 39? v(n'; 0) 


(36) 


ae A (Av, = jx) 
(Ol al #) = Fx v?(n’;0) © 


Equations (36) and (37) apply to all types of transi- 
tions 0—n’, irrespective of the form of the vibrational 
matrix element. In particular, they hold equally for 
transitions in which more than one vibrational quantum 
number changes, viz., summation vibrations. Differ- 
ence vibrations are not consistent with this limit since 
the upper states are considered unpopulated. 





(37) 


Anharmonic Oscillator—Rigid Rotor Approximation 


Explicit formulas for the vibrational matrix elements 
of the form | (x | M | %+7:)|? have been given by several 
authors.*-”-8 If the general expression” derived from a 
Morse-type anharmonic oscillator model assuming a 
linear dipole moment function with internuclear dis- 
tance is used, |(v,| M | 1.+7.)|* can be written, con- 
tingent upon the assumption (20,.+7,) 1.1, as 


\(v, | M | m7.) |? 
=|(O | M | jx) [2(oe je) !(fe!) 11+ jeveme), (38) 


where x; is the anharmonicity constant defined accord- 
ing to the convention for diatomic molecules, and there- 


10 See references 6 and 7 for the inclusion of vibration-rotation 
interaction in the theory of line intensities. 

1K. H. Illinger, Thesis, Princeton University, 1959. 

2H. S. Heaps and G. ay Z. Physik 133, 48 (1952). 

18R. C. Herman and K. E. Shuler, J. Chem. Phys. 21, 373 
(1953); 22, 954 (1954). 
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fore corresponding to [x:/v(v.+-7:; %) ] for polyatomic 
molecules." 

If the value of | (04 | M | % +7) |? from Eq. (38) is now 
substituted into Eqs. (31) and (32) respectively, the 
polarization and the polarizability functions for the 
anharmonic oscillator-rigid rotor model, related to 
transitions where only one vibrational quantum num- 
ber, v;, changes its value, are derivable as 


cA (An= jx) 
3m?) mo {T (0%, jx) dw (Vey Fey Xk} 


INO —N (oi) Daw Om jn 8) 
v(Vetje; Me) 





P(Av,= ji.) = 





, (39) 


and 


cA (Av,= je) 
48> emo {1 (045 jr) dH (0%, Jey Xx) } 





(0 | a | u+JE) = 


i Dow A(%, jy Xx) 
v(M%+Je; Me) 





» (40) 


where 
H(i, jy Xe) = (Daj) !(de!)—*( je!) (1 jevere) , 
T(x, je) =[IU( 0%) — (e+ Je) (One; Ve). 


Further, the sum over the individual degenerate 
sublevels, 6 and 6’, can be written in terms of the 
degeneracies of the lower and upper vibrational states, 
g(m) and g(v%+7.), respectively. Since the total number 
of possible combinations between the g(m%+7.) sub- 
levels, 5’, and the g(%) sublevels, 5, is given by the 
product: g(v%)g(m%+j.), one may write 


2A (D4, fey Xe) =E (Ve) g(Ve je) A (Ye, je, Xe). (41) 
b, 


Equation (39) allows the calculation of the polariza- 
tion term from the experimental quantities v(0,.+-7:; 0%), 
A(An=jx), xx, and V», with the degeneracies known 
from theory. With the additional exact knowledge of 
the vibrational partition function, #y, the polarizability 
term given by Eq. (40) may be calculated to the same 
order of exactness. The approximation introduced in 
the development of Eqs. (39) and (40) from Eqs. (31) 
and (32) is the evaluation of the vibrational matrix 
elements as given in Eq. (38). When transitions are 
considered in which more than one vibrational quantum 
number changes, i.e., combination bands, the matrix 
element must be evaluated from the defining Eqs. (1) 
and (2), since Eq. (38) does not apply in this case. 


14 See, for example, G. Herzberg, Infrared and Raman Spectra 
of Polyatomic Molecules (D. Van Nostrand Company, Inc., 
Princeton, New Jersey, 1945), p. 205. 
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The vibrational partition function, 6y, is defined by 


or=T1{ ¥ e(o) expl—E(n)/kT] 
k,l od 


p> g(m) expl—E(m)/kTJ}, (42) 


where the product extends over all the & infrared active 
vibrational modes with associated vibrational energies 
E(%) and level degeneracies g(v,), and all the 7 Raman 
active, infrared inactive modes with associated vibra- 
tional energies E(v;) and level degeneracies g(0:). 
The terms E(x) and E(v;), and, therefore, 6y take 
into account the anharmonicity of the vibrational 
modes, in keeping with the present approximation. 


Harmonic Oscillator—Rigid Rotor Approximation 


The foregoing approximation reduces to the approxi- 
mation below if the general functions for the anhar- 
monic oscillator are given their special values for the 
harmonic oscillator 


jx=1 only, due to the selection rule: Ayn,=j,=1, (43a) 


v( ve +e; U%) =p(%+1; Vx) =Wk, (43b) 


where w,; is the harmonic frequency of the kth normal 
mode of vibration, and consequently, 


x,=0 (43c) 


E(m) =o;  E(v,)=wi, and therefore (43d) 


exp(— E(v,)/kT) =exp(— ui), 


exp(— E(0:) /kT) =exp(— ui) ; (43e) 


since: (ve+-jx; 0%) = ux, and u(o1+71; 01) = 41 


Gyrorma= TT {(1—e*#)-e(1—e-*1) 21}, (438) 
k,l 

where the terms g, and g; are the degeneracies of the 

kth and /th normal modes, respectively, and where the 

product is formed over all infrared active fundamentals, 

k, and all Raman active, infrared inactive funda- 

mentals, /. 


H (0%, je, Xe) = H(%, 1,0) =o,-+1. (43g) 


Substituting the terms evaluated in the Eqs., (43), 
into Eqs. (39) and (40), respectively, one obtains the 
harmonic oscillator-rigid rotor polarization and polariz- 
ability functions 


P(An,=1) = (Vme/3x*) (Ax/wi2), (44) 


and 
(v4 | o | 1%-+1) = (¢/4x*) (Auf) E20 (m-+1)/S( 141, ge) J 
(45) 


where 
Ss (te, gk) 


dé py {[9(o,) —9U(oe-+1) Te (m2) g(re+1) *(ve-+1) } 
(46) 


and where A, is the integrated absolute band intensity 
of the kth normal mode of vibration. 

In the approximation neglecting anharmonicity 
effects which may lead to a splitting of the degeneracy, 
the degeneracy of the vibrational level », can be written 
in terms of the vibrational quantum number 2; as® 


(a) for ge=1, g(m%) =1, for all , (47a) 


(b) for = 2, g(%) - (v%,+1), (47b) 
(c) for ge=3, g(r) = (1/2) (m+1) (+2), (47) 


where g; is the degeneracy of the &th normal mode of 
vibration. 

These relations allow substitution into Eq. (46) to 
yield summands which, together with the use of the 
Maxwell-Boltzmann law relations, become explicit 
functions of the summation variable, 2,, and conse- 
quently permit complete evaluation of the sums for 
degenerate modes. 

Each of the terms P(An,=1) given in Eq. (44) 
corresponds to a polarization term of the V molecules 
related to the vibrational transitions, v,<>7,+1, which 
may be described by an associated normal coordinate 
Q:, and, uniquely in the case of nondegenerate vibra- 
tions, by a specific vibrational distortion of the mo- 
lecular geometry. In the case of degenerate vibrations, 
the choice of possible normal mode representations is 
nonunique. The polarizability term corresponding to the 
transition 21,—2,+1, which may be defined in this case 
of a fundamental transition as the normal mode 
polarizability of the &th normal mode of vibration, is 
given by Eq. (45). 

By using Eq. (45) to evaluate the normal mode 
polarizability for the transition »,.=0—,-=1, (0| a] 1);, 
and dividing this expression into Eq. (45), one may 
write the simple relation 


(m | a| m+1)=(0|a|1). [2a (%+1)/ee], (48) 
where 


(0 | @ | 1)4= (c/4a*) (Ax/eor?) [gn/ S(t, ge) ], (49) 


and where the equality for ».=1, g(v.)=g. has been 
employed. The summation S(m, g.) is evaluated by 
use of the relevant equation, (47a), (47b), or (47c). 
The total vibrational polarizability for a molecule 
in the ground state is then given in the harmonic 
oscillator approximation by summation of the normal 
mode polarizabilities, (0|a|1):, over all & normal 


1 Reference 14, p. 80. 
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modes of vibration. In general, the total vibrational 
polarizability for a molecule in the vibrational state n 
characterized by the set of vibrational quantum 
numbers: (0, %2+ ++) is given in the harmonic oscillator 
approximation by 


(n | a|n)=(m, m%, ++ +0, | a| 01, U2, ++ 90%) 


= Dil (|| m1) +(% | «| 1). (50) 


On returning to Eq. (44) for the polarization re- 
lated to the k&th vibrational mode, one obtains the 
total vibrational polarization in the harmonic oscillator 
approximation, by summation of the terms P(Av,=1) 
over all k, with the result 


P(Av=1) = )> P(An=1) = (Vinc/3e*) D> (Ax/w?). 


(51) 
The Eq. (51), given here for P(Av=1), is identical 
with an equation given without derivation by LeFévre 
and Rao" and derived from the Kramers-Kronig rela- 
tion by Whiffen,” if the frequency terms are con- 
sistently defined as the harmonic frequencies, w,, of 
the & normal modes of vibration, as given in Eq. (51). 
The alternative definition of the frequency terms in 
the equation given in references 16 to 18 as the 
band center frequencies, »(m’; 0), identifies them with 
Eq. (36) derived above. In reference 17, the equa- 
tion is derived by applying the relationship between the 
real and the imaginary part of the dielectric constant 
of the system of V molecules directly to the integrated 
band intensity, A(Av,=j,) or Ax, leading to a relation 
limited to the approximations inherent alternatively 
in Eqs. (36) or (51). It can be shown" that if the 
Kramers-Kronig relation is applied rigorously to the 
individual transitions (J, n)<>(J’, n’), an expression 
identical with Eq. (12) given above can be obtained, 
which can subsequently be carried through the series of 
approximations developed here. 


Relation to Dipole Moment Derivatives 


On the basis of approximating the total dipole 
moment of a molecule as a linear function of the har- 
monic oscillator normal coordinate Q;, the following 
relation between the matrix element |(v% | M | 2.+1)|* 
and the first derivative of the dipole moment with 
respect to the normal coordinate, evaluated at the 
equilibrium value of Q;, can be established,”:” 


|v | M | v+1) P= (4/8arax) (O4/IQ:)7(m%+1). (52) 
It is useful to have available an equation for the 


1 R, J. W. LeFévre and D. A. A. S. N. Rao, Australian J. 
Chem. 8, 39 (1955). 

11—D. H. Whiffen, Trans. Faraday Soc. 54, 327 (1958). 

18See also, Herranz, Biarge, and Morcillo, Anal. real. soc. 
espan. fis. quim. 54B, 623 (1958). 

19 Reference 5, p. 165, and Appendix III. 

20B. Crawford, Jr., J. Chem. Phys. 29, 1042 (1958). 
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polarization and the polarizability involving this 
derivative. This can be accomplished with the aid of 
Eqs. (6a) and (8) in the approximation of a non- 
quantized summation over rotational states, and Eq. 
(52) to yield in the harmonic oscillator-rigid rotor ap- 
proximation, 


(0 | w| 1)g= (1/122?) (gx/con?) (Ou /0Qx) 0? — (53) 
and 


P(Avp=1) = (1/99) [.S’ (tte, ge) /oor? (Ou /0Qx) 0°, 


where 


(54) 


S' (us, gx) = 2 {LN (0x) —N (oe-+1) Je(os) g(oe-+1) 
*(v% +1) }. 


The equations for the polarization terms related to 
stretching and bending vibrations, respectively, derived 
by way of the classical theory of dispersion by Coop 
and Sutton,” can be derived from the general equa- 
tion for the vibrational polarization in the harmonic 
oscillator approximation, Eq. (54), when the following 
further approximations are made. When it is assumed 
that the population of the &th vibrational ground state 
is equal to the total number of molecules, such that the 
term exp(—«) vanishes, Eq. (54) reduces to the 
special case, 


P(0; 1) a= (N/9A) (gu/wx?) (Ou/Qe)0?. (55) 


Then, by rewriting the frequency of the kth independ- 
ent harmonic oscillator, to which Eq. (55) pertains, 
in terms of its force constant, ax, by use of the relation 


Wer = Ay (4r?m;.) . 


where m;, is the reduced mass of the harmonic oscillator, 
it is possible to express Eq. (55) in the form 


P(0; 1).= (44N/9) (gumx/ax) (Ou/OQz)0?. (56) 


In the case of the stretching vibration of an inde- 
pendent oscillator composed of two nuclei, the normal 
coordinate Q; can be transformed into the internal 
coordinate r;, the internuclear distance, through the 
relation Q,= (m;)47,, and Eq. (56) transforms into 


P(0; 1) c= (44N/9) (ge /ax)(Ou/Ore)e?. (57) 


Equation (57) reduces to the first equation of Coop 
and Sutton if g, is set equal to unity. This leads to the 
interesting conclusion that, in addition to the assump- 
tion that only the ground state is populated, the equa- 
tion of Coop and Sutton is restricted to singly degen- 
erate vibrational modes. Since the model implicit in 
classical dispersion theory does not directly take ac- 


217. E. Coop and L. E. Sutton, J. Chem. Soc. 1938, 1269. 

2 It should be noted that the equation given independently by 
Coop and Sutton for stretching vibrations is also implicit in the 
treatment of the vibrational susceptibility given by J. H. Van 
Vleck, Phys. Rev. 30, 31 (1927). 





VIBRATIONAL POLARIZATION OF GASES 


count of the possibility of multiple degeneracies of 
energy levels, a situation very commonly encountered 
in vibrational states of molecules, this result is clearly 
foreshadowed. 

In the case of a bending vibration of an independent 
harmonic oscillator composed of the vibrating system 
A-B-A at an equilibrium angle (r—¢,), the normal 
coordinate associated with the bending motion of this 
symmetrical system is given by Q:=(z)'¢i. This 
relation is consistent with the following definition of the 
potential energy term associated with this bending 
motion, 


Vi=3A02= 3(0x/m) O2= Fade’, 


where \y.=42’w;, and a, is now the bending force 
constant. By transforming Eq. (56) in terms of the 
internal coordinate ¢, in this manner, one finds that 


P(0;1)4= (44N/9) (g:/ax) (Ou/Adx)0?, (58) 


and (du/0¢x)0? is readily evaluated by differentiation of 
the component of the dipole moment along the sym- 
metry axis in the plane ABA, 2(was)osin(¢:/2), 
where (uas)o is the equilibrium dipole moment of the 
group A—B along the bond axis, yielding finally 


P(0; 1) e= (44N/9) (ge/ax) (ua)o? cos*(px/2). (59) 


For a linear system A-B-A, such that ¢,=0, as in 
the special case treated in the second equation of Coop 
and Sutton, cos*(¢,/2)=1, and the equation simplifies 
to 


P(0;1).= (44N/9) (gx/ax) (was) 0’. (60) 


Equation (60) reduces to the second equation of 
Coop and Sutton, for a one-dimensional oscillator, with 
the same restriction as previously, namely a vibrational 
mode degeneracy of unity. The formal exclusion of 
vibrational modes with multiple degeneracies is a re- 
striction of the applicability of the equations of Coop 
and Sutton. Although the vibrational degeneracy 
could be taken into account by explicitly counting the 
contributions of each degenerate sublevel of the first 
excited vibrational state in the one-dimensional oscil- 
lator model of Coop and Sutton, this counting pro- 
cedure is defined unambiguously only in Eqs. (57) 
and (60). Moreover, the further ambiguity in de- 
scribing a vibrational distortion in terms of one or 
more one- or two-dimensional oscillators, which arises in 
their method, is removed only when the degeneracy g; 
is explicitly accounted for in the equations. It is clear 
from the preceding derivation leading to Eq. (60), 
involving (uas)o, that it is the bond moment related 
to the dipole moment derivative, (u/0Qx)o, rather 
than the static bond moment, which must be employed 
in an equation relating the vibrational polarization 
term to the bond moment. The general dissimilarity 
between these two types of bond moment makes it 
imperative to use that which is consistent with the 
derivation. 
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In the equations derived thus far, the definition of 
the absolute intensity of a transition (J, m)<+(J’, n’), 
A(J, n; J’, n’) ,due to Wilson and Wells,” consistent 
with the relation to the dipole moment matrix element 
given by Eq. (11), has been used. In their definition, 
the integration of the experimental quantities over the 
frequency range comprised by the absorption band, is 
given by the relation 


A=(1/pL)[ Cloe)/10)Jar=[  AGo)av, (61) 


band band 


where # is the partial pressure of the absorbing gas, L 
is the path length in the absorption cell, Jo(v) is the 
incident intensity, Z(v) is the transmitted intensity, 
and v is the frequency. 

Recently, the following alternative definition of this 
integration procedure has been suggested by Crawford,” 


r=(1/pL) [ __ lol Lo(»)/1(0) lw 


=[ [AMM (62) 


Since this definition has been used by a number of 
investigators in the calculation of absolute infrared 
intensities from the experimental variables J)(v), 
I(v), and », it is of interest to derive equations for the 
vibrational polarization and polarizability functions 
in the various approximations in its terms. The abso- 
lute intensity, I'( J, "; J’, n’), of a transition (J, n)< 
( J’, n’) in terms of the dipole moment matrix element 
is given, in the present notation, by” 


T(J, n; J’, n')=(J,n|T| J’, n’)+(J',n’ | T| J, n) 
= (84°/3hc) (Han Narn) De p> \(J,n|M| J’, n’))2, 


(63) 


where (J, ”|I'| J’, n’) and (J’, n’| T'| J, m) are the 
absorption and the emission intensities, respectively. 

It can be shown" by a derivation completely ana- 
logous to that given above that the definitions of Eqs. 
(62) and (63) lead to relations for the vibrational 
polarization and polarizability functions, the most im- 
portant of which [cf. Eqs. (13), (16), (39), (18), (45), 
and (51) ] are listed below. 





T(J, n; J’, 
(n| a| w)= (6/40) Dic a Soaps J n)’ 


(13’) 

and 
(J, n; J',n’) 
J WS’, W’; tf n) 


P(Arnj= jx) = (V nc/3n*) >| 


n 


, (16") 


23 E. B. Wilson, Jr., and H. A. Wells, J. Chem. Phys. 14, 578 
(1946). 
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where I'( J, ; J’, n’) is the experimental line intensity. 


T(An,=7 
P(An=js) = cl’ (Av.= jx) 
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CN (0%) —N (re+Je) ]2o0¥H (i, jy Xk) 





where: 


P(An=jr)= LLY, 25 J',n’)} (18) 
n J 

is the experimental integrated absolute band intensity 

in the vicinity of »(n’, 2). 


(vy | | v%4-+1) 
= (¢/4x*) (Ti/wx) [Oo (t+1) /S(1e, gi), (45’) 


P(Av=1) = (Vnc/3a*) Di (T'/eo), (51’) 


where I, is the integrated absolute band intensity of 
the kth normal mode of vibration. 


III. CALCULATIONS AND DISCUSSION 


The vibrational polarization for the molecule in the 
gas phase at a pressure of 1 atmos, and a temperature 
of .300°K has been calculated for the molecules for 
which absolute intensities have been determined for all 
the infrared active vibrational fundamentals. In Table I 
are given the polarizations related to the transitions, 
Av,=1, 2, and 3, calculated from Eq. (16) for the three 
molecules for which absolute line intensities are avail- 
able at this time. 

In the calculation of P(Av,.=j,) from Eq. (39), 
the following approximation of the frequency of an 
anharmonic fundamental vibration of a diatomic 
molecule has been used ;* 


V(O. +1 5 04) = w.— 2wKXE— 2ODEX, (64) 
where the symbols have the meanings previously 
given to them. From Eq. (64) one may deduce the 
following expression for the frequency terms v(v,.+):; 


TABLE I. Vibrational a for individual transitions 
for the gas at p=1 atm, 300°K, calculated from Eq. (16). 





Source of in- 
tensity value 


P(0;1)(cm*) P(0;2)(cm*) P(0; 3) (cm) (palesenaaa)* 





HF 
HCt 
DCl 


0.0167 s see: 
0.0128 6.97-10-% — 2.27-1077 
0.0121 4.44-10 9.29-10-% 


(1) 
(2), (3) 
(3) 








® References in parentheses are at end of article. 


* Reference 4, p. 95. 


3x2 > mo {LV (0%) —N (te-+je) > 00° (2, je, Xe) } Fpmo 


v(m je3 Pe) ee Sf 





v,) required in Eq. (39), 


Uktik—1 
v(vet jes Me) = Dy v(ve+1; v4) = Fe (con— Zone) 


Op=?y 


Ve+SE—1 
— 2wiXe =, Vp. 
1? 


(65) 


If the terms w,, x,, and A(Av,=7,), are known for a 
given vibrational transition of a diatomic molecule, 
Eq. (65) may be used to calculate the polarization in 
the anharmonic oscillator approximation from Eq. (39) 
by direct evaluation of the converging sums over 1%. 
In Table II the results of this calculation are given for a 
series of diatomic molecules. 

Table III lists the results of the calculation of the 
total vibrational polarization in the approximation 
neglecting all except the first terms in the summations 
in Ey. (31), according to Eq. (36), summing over all 
the k normal modes. This approximation corresponds 
to a treatment taking into account the anharmonicity 
of the vibrations, but limiting the total vibrational 
polarization to the contributions associated with funda- 
mental vibrational transitions. 

In Table IV are given the results of the calculation 
in the strict harmonic oscillator approximation, ac- 
cording to Eq. (51), for a number of diatomic molecules. 

In all the calculations the molar volume has been 
taken as the molar volume of an ideal gas at a pressure 
of 1 atmos and a temperature of 300°K. 

A comparison of the results for P(0;1) and P(Av=1) 
for HF, HCl, and DC! given in Table I and II, re- 


TABLE II. Vibrational polarization for the transitions An=1 
and Ay,=2 in the anharmonic oscillator approximation, for the 
gas at p=1 atm, T=300°K, calculated from Eq. (39).* 





Source of in- 
e100 — tensity value 
(references) 4 


P(Ay%=1) P(An=2) Ok 
(cm?) (cm*) (cm=) 





HF 
HCl 
DCI 


HBr 0 

BrCl 0 

Ici 0. 
0 
0 


0.0167 
0.0130 
0.0127 


4138.52 
2989.74 
2144.77> 
2141.20 
2649.67 
442.5¢ 
384.18 
1904.03 
2170.21 


2.176 
1.741 
1.255> 
1.260> 
1.706 
0.339¢ 
0.381 
0.7447 
0.6203 


0.000074 
0.000052 


0070 0.00002 
0184 <0.00011 
152 <0.00023 
.015 0.00012 
.043 0.000075 


NO 
co 





* Values of w, and xz were taken from reference 4, p. 502 ff., except when 
noted. 


b Taken from reference (31); first line refers to DCI, second to DCI*. 
© Taken from reference (5). 
4 References in ‘parentheses are at end of article. 
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TABLE III. Total vibrational 
p=1 atm, T=300°K, calculat 
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larization in the general limiting case of the anharmonic oscillator approximation for the gas at 
from Eq. (36) summing over all & normal modes of vibration. 





Source of intensity value 


P(Av=1) 
(cm*) references) * 


Source of intensity value 
references )* 





0.0167 
0.0130 
0.0127 
0.0070 
0.018 


onomomosomossoooe=sesSe 
SVoronm Son SSeSoorSsee 
Hekesneerescnasenger 





(21), (22) 
(32) 


SCOOWOOMNSSOOSSOSSSOSOONSOFNOG 
ocoowoomsoooes: Sp ee :2 
PBIVGSLSSVSSQEGAaesHessse 





® References in parentheses are at end of article. 


spectively, shows that the values of P(Av=1) ob- 
tained from Eq. (39) by using A(0; 1) from the direct 
summation of line intensities, and the band center 
frequency, v(1; 0), are in good agreement with the 
value for P(0; 1) calculated from Eq. (16) by the use 
of individual line intensities, A(J, 0; J’, 1), and line 
frequencies, »(J’, 1; J, 0). This finding supports the 
degree of accuracy assigned to the assumption per- 
taining to Eq. (23), the averaging procedure over all 
rotational states in general, as used again in the 
derivation, and the validity of the anharmonic oscil- 
lator approximation. All the molecules in Table II 
except BrCl and ICI fall into the category for which 
the approximation given by Eq. (36) is applicable 
with good accuracy. In the general case, where the 
upper states may have appreciable populations, Eq. 
(39) must be used instead. However, if the anhar- 
monicity constant, x;, is small compared to unity, the 
approximation for P(Ax,=1) given by Eq. (36) yields 
values in good agreement with those calculated from 
Eq. (39). This may be seen by comparison of the 
values for P(Av,.=1) for BrCl and ICI in Tables II 
and III. The values for P(Av=1) calculated in the 
strict harmonic oscillator approximation, according to 
Eq. (51), and given in Table IV, differ significantly 
from those calculated from Eq. (36), due to the differ- 
ence between the band center frequency and the 
harmonic frequency. As may be seen by comparison of 
identical molecules in Tables III and IV, this difference 
in P(Av=1) diminishes with decreasing values of the 
anharmonicity constant. 


It may be concluded that owing to the rather rapid 
convergence of the summations over 7 in Eq. (39), 
even in the case where excited states are populated 
with a considerable number of molecules, P(Av,=1) 
is given to good approximation by the general limiting 
case of the anharmonic oscillator function, Eq. (36). 
The effect of decreasing frequencies of vibration, as- 
sociated with a higher population of excited states and 
a consequent decrease in the accuracy of this approxi- 
mation, and that of decreasing values of the an- 
harmonicity constants, leading to an increase in this 
accuracy, are fortunately concomitant. As a conse- 
quence, Eq. (36) is a good approximation even for low- 
frequency transitions. 

The assumption that the general limiting case of the 
anharmonic oscillator function, Eq. (36), summed over 


TaBLeE IV. Vibrational polarization in the harmonic oscillator 
approximation for the gas at p=1 atm, T7=300°K, calculated 
from Eq. (51). 





P(Av=1) Source of intensity value 
(cm?) (references) * 





HF 
HCl 
DCl 


0.0153 
0.0121 
0.0121 
HBr 0.0065 
BrCl 0.018 
ICl 0.15 
NO 0.014 
co 0.042 





® References in parentheses are at end of article. 
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all the & normal modes, or the harmonic oscillator func- 
tion, Eq. (51), for P(Av=1), represents the strongly 
predominant contribution to the vibrational polariza- 
tion of a molecule, is contingent upon the negligibility 
of the polarization contributions of overtone and 
combination bands. For diatomic molecules, theoretical 
considerations are substantiated by all experimentally 
investigated cases in predicting that the intensity values 
in the sequence: A(0; 1), A(0; 2), ---A(O; 7x), de- 
crease rapidly with increasing 7,.%:* This decrease in 
A(0; jx) or A(Av,=j,), and the accompanying in- 
crease in v( jx; 0) with increasing j;, lead to a rapid 
decrease of P(0; jx) or P(Av.=j.) with 7,. The calcu- 
lated values for the overtone contributions for diatomic 
molecules given in Tables I and II, compared to 
P(Avy,=1) for the same molecule, corroborate this 
generalization. Consequently, for a diatomic molecule 
P(Av=1) is a very good approximation for the total 
vibrational polarization. 

In polyatomic molecules, overtone and combination 
vibrations may exhibit intensities very much larger 
than those expected from the considerations that 
hold for diatomic molecules, where no interaction can 
occur between vibrational levels of the same electronic 
state of the molecule. In the polyatomic molecule, 
interactions between energy levels of nearly equal 
energy, belonging to different vibrations but of the same 
symmetry species, may exist within the same electronic 
state of the molecule.” When this type of interaction, 
which leads to a perturbation of the original energy 
levels, occurs between a fundamental mode and an 
overtone or combination mode, the latter greatly 
increases in its intensity, which may become of the 
same order of magnitude as that of the fundamental 
interacting with it in Fermi resonance. In this event, 
P(Av=1) for the molecule, calculated from the inte- 
grated intensities A(Av,=1), may be markedly lower 
than the true vibrational polarization. A correction 
may be made in the harmonic oscillator approximation 
by equating the intensity of the fundamental involved 
in the Fermi resonance to the experimental sum of 
intensities of the fundamental and the interacting 
vibration, “forbidden” in this approximation, and 
recalculating P(Av=1) on this basis. It has been 
shown in reference 20 that, in the harmonic oscillator 
approximation, the integrated intensity I; is invariant 
under conditions of a resonance between two upper 
states involved in a vibrational transition. As a conse- 
quence, the correction necessary under these conditions 
for A, is already satisfied in the case of I. 

In so far as P(Av=1) is an accurate value for the 
true total vibrational polarization for a given molecule, 
and if, under these conditions, there exist no further 
mechanisms by which the molecule can absorb vibra- 


% Reference 14, p. 26 


S. 
26 B. F. Gray and H. O. Pritchard, J. Mol. Spectroscopy 2, 137 
(1958). 
27 Reference 14, p. 215. 
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tional energy from an external electric field, P(Av=1) 
represents the atomic polarization of the molecule. 
At constant temperature, changes in pressure and 
especially transition to a condensed state may cause a 
marked alteration in the intermolecular forces and 
strongly modify the vibrational polarization of the 
molecule. Consequently, it is not in general justifiable 
to assume that the value for the vibrational polarization 
calculated for the molecule under the conditions of 
pressure and temperature specified here can be con- 
sidered to apply under conditions where the inter- 
molecular forces are appreciably different. 
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Thermodynamic Properties of Sulfuryl Fluoride from 12°K to Its Boiling Point. 
Entropy from Molecular and Spectroscopic Data 
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The heat capacity of sulfuryl fluoride has been measured from 12 to 218°K. A lambda transition was ob- 
served at 65.7°K. The heat of fusion at the triple-point temperature, 137.34°K, was 1074 cal/mele. The 
heat of vaporization at the normal boiling point, 217.78°K, was 4596 cal/mole. The vapor pressure data are 


closely represented by the equation 


logioP mm = 7.8323— 1071.235/T —0.01391 logieT. 
The liquid density from 182 to 204°K is closely represented by the equation 
d=2.576—0.004044T. 


The entropy of sulfury! fluoride gas has been calculated from the calorimetric data and the third law of 
thermodynamics to be 62.66 eu/mole at 217.78°K. The calculated spectroscopic entropy was 63.24 eu/mole. 
The discrepancy, 0.58 eu/mole is attributed to randomness in the solid at 0°K. 





IGHT of the nine expected vibrational fundamen- 
tals for sulfuryl fluoride have been assigned from 
a study of the infrared spectrum,! and six of these have 
been confirmed by an analysis of the Raman spec- 
trum.? The one remaining fundamental, attributed to a 
symmetric SF, bending, was estimated through an 
interaction of excited vibrational states in the micro- 
wave region’ to be 388-15 cm™, although neither the 
fundamental nor any of its expected overtones or 
combinations was observed in the infrared or Raman 
spectra. Since the SF, bending frequency is the lowest 
of the nine fundamentals for SO.F:, its contribution to 
calculated thermodynamic functions is the largest, and 
an independent experimental confirmation is desirable. 
It was the purpose of this research to provide calori- 
metric measurements whose precision‘ would allow 
the doubtful frequency to be determined within an 
error limit of +20 cm. However, a third-law entropy 
comparison is complicated by the strong possibility of 
randomness at absolute zero, due to the nearly equal 
sizes of the fluorine and oxygen atoms and the nearly 
tetrahedral symmetry® of the sulfuryl fluoride mole- 
cule. 


SAMPLE PREPARATION AND PURITY 


Approximately one-half mole of sulfuryl fluoride was 
prepared by the reaction of sulfur dioxide with argentic 
fluoride,’ and was purified by fractional distillation at 
atmospheric pressure. Remaining traces of sulfur dioxide 
and possible silicon tetrafluoride were removed by 
washing in neutral potassium permanganate solution. 


* Department of Chemistry and Chemical Engineering, Fenn 
College, Cleveland, Ohio. 
(1989). D. Perkins and M. K. Wilson, J. Chem. Phys. 20,[1791 
(1958) Bender and J. M. Wood, Jr., J. Chem. Phys. 23, 1316 
3 Lide, Mann, and Fristrom, J. Chem. Phys. 26, 734 (1957). 
‘L. Pierce and E. L. Pace, J. Chem. Phys. 22, 1271 (1954). 
5H. J. Emeléus and J. F. ood, J. Chem. Soc. 60, 2183 (1948). 


Analysis of the mass spectrum and infrared spectrum 
of the purified sample indicated the possibility of a very 
small amount of carbon dioxide as a remaining im- 
purity. 

The purity and triple-point temperature of the sul- 
furyl fluoride, prepared in the above manner, were 
determined in an adiabatic calorimeter previously de- 
scribed by Pace e al.* The entire quantity, 53.951 g, 
of sample was transferred to the calorimeter by direct 
weighing, and equilibrium temperatures were deter- 
mined for various fractions of sample melted. Tempera- 
tures were measured with a platinum resistance ther- 
mometer having an ice-point resistance of 25.5 ohms 
and calibrated by the National Bureau of Standards. 
The ice-point temperature is taken as 273.16°K. 

The data are presented in Table I. Analysis of the 
data by usual methods’ yielded a triple-point tempera- 
ture of 137.34++0.05°K for pure sulfuryl fluoride, which 
is slightly higher than the value of 136.5°K reported by 
Yost and Russell. The calculated mole fraction of 
impurity of the calorimetric sample was 0.0029. 


LIQUID DENSITIES 


Liquid densities at various temperatures were re- 
quired for subsequent calorimetric calculations. 

A specially designed density bulb, having a volume 
of 8.3 cc, was calibrated at various reference marks on 
its capillary neck by weighing contained volumes of 
mercury at known temperatures. In making density 
determinations, 15.683 g of sulfuryl fluoride were con- 
densed into the bulb at 195°K. A bath of dry ice and 
acetone surrounding the bulb was subsequently cooled 
by successive additions of liquid nitrogen, and volume 


® Pace, Pierce, and Dennis, Rev. Sci. Instr. 26, 20 (1955). 
7™F. D. Rossini, Chemical — (John Wiley & 
Sons, Inc., New York, 1950), p. 


*D. M. Yost and H. Russell, oe Systematic Inorganic Chem- 
py mario Inc., Englewood Cliffs, New Jersey, 1944), 
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TABLE I. Equilibrium temperatures of fusion of sulfury] fluoride 
53.9506 g; 0°C =273.16°K. 





Equilibrium 
temperature T 
(°K) 


Fraction 
melted r 





135.40 
136.81 
137.01 
137.12 
137.22 
137.43+0.05 


0.0123 
0.182 
0.336 
0.522 
0.709 


(extrapolated) 





readings were taken at equilibrium. After cooling the 
bath and sample to 182°K, the system was allowed to 
warm very slowly, with continuous stirring, to 204°K, 
and additional readings were taken at intervals. 
Temperatures were measured with a toluene ther- 
mometer whose calibration was found to be accurate 
within 0.1°K at the carbon dioxide fixed point 
(194.7°K). A slight correction was made for expansion 
of the glass bulb. The correction for vapor weight of 
sulfuryl fluoride was negligible. 

The variation of d, the liquid density of sulfuryl 
fluoride, in g/cc, with 7, the absolute temperature 
in °K, from 182 to 204°K, as determined by the method 
of least squares, is closely represented by the equation 


d=2.567—0.0040447. (1) 


Twenty points were observed with a mean absolute 
deviation of 0.001 g/cc from the values calculated 
from Eq. (1). 


HEAT CAPACITY MEASUREMENTS 


The adiabatic calorimeter used for these measure- 
ments has been previously described.® 

The measured heat capacities, taking one calorie as 
4.1840 joules, are listed in Table II and plotted in 
Fig. 1. Under reversible conditions, the saturated heat 
capacity at constant temperature can be expressed as 


C,=dH/dT—VdP/dT, (2) 


where V and H refer to the molar volume and molar 
enthalpy of the condensed phase and P is the satura- 
tion vapor pressure. The total energy, E., of the calori- 
meter contents is given by 


E,=n'xE'+n' (1—x)E, (3) 


where m’ is the number of moles of sample, x is the mole 
fraction of sample in the vapor phase, and £ and E’ 
are the molar internal energies of the condensed phase 


and the vapor phase, respectively. It can be readily 
shown that 


n'x=(V.—n'V)/V’—V), (4) 


where V, is the total volume of the calorimeter, and V’ 
is the molar volume of the vapor phase. Substituting 
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Eq. (4) in Eq. (3), and noting that H= E+ PV and 
(H’—H)/(V’—V)=TdP/dT, one obtains 
E,=n' H+ (V.—n'V)TdP/dT—V.P. (5) 
The total energy of the calorimeter and contents £; is 
given by 
E.= E.-+n'H+(V.—n'V)TdP/dT—V.P, (6) 


where E, is the energy of the empty calorimeter. By 
defining G, the gross heat capacity, as dE,/dT and Gp, 
the heat capacity of the empty calorimeter, as dE./dT, 
one can differentiate Eq. (6) with respect to T and 


TaBLe II. Molar heat capacity of sulfuryl fluoride (mol wt: 
102.066; 0.52859 mole; 0°C = 273.16°K; 1 cal=4.1840 abs joules). 





Re C,, cal/°K/ 


Temp  C,, cal/°K/ 
mole °K 


Series mole Series 





12.29 
12.91 
15.12 
15.75 
18.96 
19.81 
23.49 
24.67 
28.45 
29.68 
33.28 
34.99 
38.47 
38.79 
42.86 
43.74 
48 .37 
49.17 
53.76 
54.16 
57.84 
58.29 
58.73 
59.17 
59.61 
60.04 
61.31 
61.72 
62.13 
62.53 
62.62 
62.93 
63.27 
63.33 
63.73 
63.90 
64.12 
64.51 
64.53 
65.02 
65.15 
65.7 


65.77 
66.39 
67.65 
68.28 
70.92 
74.46 
76.16 
79.51 


11.94 
11.99 
12.02 
12.01 
12.27 
12.29 
12.378 
12.40 
12.45 
12.67 
12.77 
12.85 
13.07 
13.238 
13.33 
13.52 
13.86 
14.10 
14.52 
14.79 
15.25 
15.55 
16.36 
17.02 
17.31 
17.99 
19.25 
fusion 
25.83 
25.81 
25.80 
25.79 
25.73 
25.72 
25.67 
25.57 
25.46 
25.40 
25.34 
25.25 
25.21 
25.12 
25.07 
24.97 
24.92 
24.84 
24.90 
209.58 24.92 
217.78 vaporization 
(1 atmos) 
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11.19 
11.24 
11.28 
11.36 
11.41 
11.64 
11.72 
11.82 
11.89 
11.88 
11.96 
12.03 
12.10 
12.14 
12.30 
12.31 
12.46 
12.48 
12.75 
12.82 
lambda 
transition 
12.55 
11.20 
11.15 
11.14 
11.29 
11.52 
11.64 
11.88 
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* 0.52765 mole. 
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Fic. 1. The molar heat 
capacity of sulfury] fluoride. 
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substitute Eq. (2) into the 
yield 


C,=M/n{G—Go— 


resultant expression to 


T(d/dT)[(V.—mv) (4P/dT) }}, (7) 


where M is the molecular weight of the sample, is the 
number of grams of sample, and 2 is the specific volume 
of the condensed phase. Equation (7) was used for the 
calculation of experimental saturated heat capacities. 
Specific volumes were calculated from Eq. (1) and 
dP/dT values were calculated from Eq. (9). 

A 0.52859 gram-mole sample was used for all runs 
except Series 20. Due to loss:of a portion of the sample 
on removal from the calorimeter, a final weight check on 
the sample could not be made. However, an indirect 
check was made by observing four separate heat capa- 
cities in the 80° to 97°K range (Series 20) with a sample 
mass of 0.52765 gram-mole. The mean deviation from 
the smooth heat capacity curve for the four check 
points was 0.06%. A comparison of this mean deviation 
(0.06%) with that of other C, values from 80—97°K 
(0.08%) affords an excellent check on sample weight. 

The mean deviation of the experimental points of 
Table II from a smooth curve is 0.09% above 50°K 
and 0.7% below 50°K. 

Values of the saturated molar heat capacity taken 
from the smooth curve through the experimental points 
are presented in Table ITI. Due to extensive premelting, 
smooth values from 124°K to fusion (137.34°K) were 
taken from the dotted extrapolation of Fig. 1. 


HEAT OF TRANSITION AND TRANSITION 
TEMPERATURE 


Careful heat capacity measurements, taken over 
small temperature intervals in the range from 58 to 
69°K, indicated a sharp peak in the heat capacity curve 
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TEMPERATURE, °K 


which appeared to extrapolate to an infinite value of 
C, at 65.7°K. The heat capacity measurements gave no 
indication of a latent heat of transition. Based on the 
apparent absence of a latent heat of transition and the 
shape of the heat capacity curve,’ the anomalous peak 
at 65.7°K was attributed to a lambda transition, which 
culminates on warming at 65.7°K. 

Although the latent heat of the lambda transition 
was zero, an estimation of the heat involved in the 
transition, over a temperature range, was made by 
determining the area between the actual heat capacity 
curve and a curve interpolated between two smooth 
portions of the over-all heat capacity curve. The two 
curves shown are in Fig. 2. The approximate heat of the 
lambda transition AH) in the range from 38 to 72°K 
was graphically determined by the relation 


(8) 


2°K 
AH,= [ (C.—C,aT, 
38°K 


where C; was taken from the interpolated curve of 
Fig. 2. The calculated value for AH) was 14.5 cal/mole. 


HEAT OF FUSION 


Data for the heat of fusion are listed in Table IV. 
Heat of fusion measurements were made by starting 
at a temperature below fusion and adding sufficient 
heat to raise the temperature of the calorimeter above 
that of fusion. A sensible heat correction was then 
made for temperature rise of the calorimeter and con- 
tents. A premelting correction was also required for 
one of the determinations. 


H. N. V. Temperly, Changes of State (Cleaver-Hume Press, 
Ltd. London, 1956), pp. 232-240. J 
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TABLE III. Molar heat capacity of sulfuryl fluoride. Values taken 
from smooth curve through observations 
(mol wt: 102.066; 0°C=273.16°K; 1 cal=4.1840 abs joules). 





Temp 
°K 


C,, cal/°K/ 


C,, cal/°K/ 
mole 


Temp 
°K mole 





Crystal IT 


1.794 
2.991 
4.161 
5.176 
6.297 
8. 

8.719 


Crystal I 


11.27 
11.14 
11.35 
11.63 
11.92 
11.22 
12.52 
12.83 
13.15 
13.52 
13.94 
14.41 





® Extrapolated. 


VAPOR PRESSURE 


Vapor pressure measurements for sulfuryl fluoride 
were obtained using a Gaertner precision cathetometer 
as a comparison instrument in conjunction with a stand- 
ard meter bar. The data were fitted by the equation 


logi0 Pam = 7.8323—1071.235/T—0.01391 logwT, (9) 


which was derived by the method of least squares. 
The observed and calculated pressures are listed in 
Table V. The usual gravity, meniscus, and temperature 
corrections were applied. The average absolute differ- 
ence between observed and calculated vapor pressures 
was 0.38 mm. The last column of Table V gives the 
pressure observed in this research minus the pressure 
calculated from the equation given by Yost and Russell.® 
Agreement is better at pressures above 200 mm than 
below and is excellent at 760 mm. 

The normal boiling point, calculated from Eq. (9), 
is 217.78+0.01°K. 


HEAT OF VAPORIZATION 


Heat of vaporization measurements were made using 
the same heater as for all other calorimetric measure- 
ments. Since the resistance thermometer and heater 
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were an integral unit, the thermometer could not meas- 
ure the true temperature of the calorimeter while heat 
was being added to it. Thus, temperatures during 
vaporization were determined from vapor pressure 
readings in conjunction with the vapor pressure equa- 
tion (9). 

Vapor pressure measurements provided a very sensi- 
tive indication of temperature variation, particularly 
near the boiling point where dP/dT, the slope of the 
vapor pressure-temperature curve, was 39.5 mm/°K. 
Using an auxiliary heater, independent of the resistance 
thermometer, Pierce and Pace‘ have shown that the 
mean temperature of vaporization, as determined by 
the resistance thermometer, differed in the worst case 
by only 0.3°K from that determined from vapor pres- 
sure measurements. Due to thermal gradients within 
the calorimeter during vaporization, the actual tempera- 
ture of vaporization was probably somewhere between 
the value calculated from vapor pressure and that which 
would have been given by the resistance thermometer. 
The maximum uncertainty of 0.3°K in the tempera- 
ture of vaporization corresponds to an uncertainty of 
only four calories in the molar heat of vaporization. 

The method of maintaining constant pressure during 
vaporization and the method of calculating heat of 
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Fic. 2. The molar heat capacity of sulfuryl fluoride in the 
region of the lambda transition. 
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Taste IV. Heat of fusion of sulfury] fluoride 
(mol wt: 102.066; 0.52859 mole; triple point: 137.34+-0.05 °K 
0°C =273.16°K; 1 cal=4.1840 abs joules). 
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TaBLe VI. Molar heat of vaporization of sulfuryl fluoride 
(mol wt 102.066; normal boiling point: 217.78+0.01 °K 
0°C = 273.16°K; 1 cal=4.1840 abs joules). 





Sensible Premelt Heat of 
heat corr, corr fusion 
cal/mole cal/mole cal/mole 


Corr heat in- 
Temp interval °K put cal/mole 





123 .93-141 .04 
124.12-141.62 
133 .36-140.74 


1752.34 —676.68 
1768.15 — 696.15 


1373.21 —311.93 
Av=1074+2 


1075.7 
1072.0 


12.56 1073.8 





vaporization have been described.‘ Corrections were 
made for heat leak to the surroundings and for tempera- 
ture rise-of the system (sensible heat correction). 
Pierce and Pace‘ have shown that a correction for 
superheating of the liquid due to hydrostatic head is 
negligible. In addition, calculations showed that no 
correction was necessary for pressure drop between the 
calorimeter and the manometer tap. 

Table VI summarizes the data. The mean tempera- 
tures of vaporization were both close enough to the 
normal boiling point to obviate a correction in heat of 
vaporization to the normal boiling point. 


ENTROPY FROM CALORIMETRIC DATA 


The calculations of the entropy for the liquid and the 
gas at the normal boiling point are summarized in 
Table VII. 

The gas imperfection correction AS; assuming a 
Berthelot gas, is given by” 

AS ;= (27/32) (RT./P.T). (10) 
By solving the Berthelot equation of state for T./P., 
substituting in (10), and rearranging in terms of the 


TABLE V. Vapor pressure of sulfury] fluoride 
(normal boiling point = 217.784-0.01°K ; 0°C =273.16°K). 


Series II 





217.78 
0.02603 
4647 .2 
—34.6 
—1.6 
4611.0 
4594.4 


217.76 
0.03232 
4666.4 
—59.1 
+7.2 
4614.5 
4598.0 


Mean temp of vaporization, °K 
Moles vaporized 

Total energy cal/mole 

Heat leak correction, cal/mole 
Sensible heat correction, cal/mole 
Corr energy, cal/mole 


Heat of vaporization cal/mole 





Av, cal/mole 4596+2 








compressibility factor at the boiling point 2, we find 


(11) 


where 7, is the normal boiling temperature. It is 
interesting to note that regardless of the method used 
for estimating the critical temperature 7, the error in 
AS; will be small due to the form of the denominator of 
Eq. (11). Assuming that, for most compounds,” 
T./T. is equal to 0.62, and taking R as 1.987 cal deg™ 
mole, one obtains 


AS;=[12R(1—25) ]/(6—72/T-), 


AS ;=4.24(1—20), (12) 
where AS; is given in eu/mole. The molar vapor 
volume at the boiling point, used in determining 2, 
was calculated from the Clapeyron equation. 


Taste VII. Molar entropy of sulfuryl fluoride 
(mol wt: 102.066; 0°C =273.16°K; 1 cal=4.1840 abs joules). 





Pove—Peate 


Yost & 
Russell 


— ? Pots P Preate® 

2 int. mm Hg int. mm Hg 
164.603 
171.846 
179.022 
186.361 
192.727 
198.416 
205 .209 
209.556 
212.892 
215.887 
218.080 


This research 





19.43 
37.29 
66.11 
112.95 


—0.23 
+0.35 
+0.45 
+0.03 
—0.48 
—0.55 
—0.37 
+0.11 
+0.39 
—0.80 
+0.42 


+2.89 
+4.30 
+4.83 
+4.06 
+2.40 
+0.56 
—1.27 
—1.66 
—1.12 
—1.36 
+0.56 





® logwP mm=7.8323—1071.235/T —0.01391 logwT. 


10Scott, Meyers, Rands, Brickwedde, and Bekkedahl, J. Re- 
search Natl. Bur. Standards 35, 39 (1945). 

uJ, M. Klotz, Chemical Thermodynamics (Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey, 1950), p. 161. 


0-13.00°K, Debye extrapolation, (6=94.2, 6 de- 
grees of freedom) 


13.00-65.70°K, f[C,(¢T/T) (graphical) 

65.70-137.34°K, fC,(dT/T) (graphical) 

Fusion, 1074/137.34 

Entropy of liquid at solid-liquid-vapor triple 
point 

137.34-217.78°K, f[C,(dT/T) (graphical) 

Entropy of liquid at normal boiling point 

Vaporization, 4596/217.78 


Gas imperfection correction 


0.75920.04 


10.908+0.06 
10.143+0.01 

7.820+0.01 
29.630+0.12 


11.6830.00 
41.31340.12 
21.104+0.01 

0.247+0.02 


Entropy of ideal gas at 217.78°K and one at- 62.66 +0.15 


mosphere pressure 





2S. Glasstone, Thermodynamics for Chemists (D. Van Nostrand 
Company, Inc., New York, 1947), p. 502. 
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Taste VIII. Molar entropy of sulfuryl fluoride in the ideal gas 
state from molecular and spectroscopic data 
(1 atmos; 217.78°K). 





S,°, eu 38.219 
22.991 
2.030 
63.24 
62.66 


0.58 


S,°, eu 

S-e°, eu 

Total, eu 

Calorimetric entropy, eu 
Residual entropy, eu 








ENTROPY FROM MOLECULAR AND 
SPECTROSCOPIC DATA 
Translational and rotational entropy contributions 
S? and S,°, in entropy units, were calculated from 


relations given by Wagman e al.": 


SP=6.8635 logM —2.3141+11.4391 logT, (13) 


S,°= 2.2878 (logl4I Ic: 10") — 4.5757 logs—0.0332 


+6.8635 logT, (14) 
where M, the molecular weight, was taken as 102.066; 
T, the absolute temperature, was taken as 217.78°K; 
and s, the symmetry number, was taken as two. Values 
for I4, Ig, and Ic, the moments of inertia, have been 
previously determined.* 

The fundamentals used for the calculation of vibra- 
tional entropy contribution, with the exception of 
v,(A1), the symmetric SF; bendng frequency, were 
taken from the infrared data of Perkins and Wilson! 
and the Raman data of Bender and Wood.? The (A) 
fundamental was taken, according to the microwave 
data of Lide ef al.,* as 388 cm. The fundamental 
frequencies used in the calculation of the vibrational 


18 Wagman, Kilpatrick, Taylor, Pitzer, and Rossini, J. Re- 
search Natl. Bur. Standards 34, 143 (1945). 
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entropy were: 
%(A;) =388 cm=! 
vs( Az) = 388 cm“ 
v9(Be) =539 cm 
v3(A1) =544 cm 
v7 (By) =553 cm 


v2(A1) =848 cm“ 
vs( Bz) =883 cm 
1,(A1) = 1269 cm-. 
ve( By) = 1502 cm—. 


The entropy calculations are summarized in Table VIII. 
DISCUSSION 


The observed discrepancy of 0.58 eu per mole be- 
tween the calorimetric entropy and the spectroscopic 
entropy is attributed to residual entropy at absolute 
zero, rather than to an incorrect assignment of the 
v(A1) fundamental. To provide good agreement be- 
tween the calorimetric and spectroscopic entropies, 
the frequency of the »(A,) fundamental would have to 
be greater than 1000 cm~, which is extremely unlikely. 
On the other hand, randomness at absolute zero seems 
plausible due to the near symmetry* of the sulfuryl 
fluoride molecule. If the molecule were considered 
entirely symmetrical, the residual entropy should be 
R In 6, or 3.56 eu per mole. The much lower observed 
value of 0.58 eu per mole implies a high degree of crystal- 
line order based on six energy-equivalent positions for 
the molecule. Considering the slight asymmetry of the 
molecule and the partial crystalline ordering which 
occurs at the lambda transition, it appears that the 
number of equivalent molecular positions is nearer to 
two. 

The results of the present work are insufficient in 
themselves to confirm the frequency of the symmetric 
SF, bending fundamental, (Ai), and the residual 
entropy value of 0.58 eu per mole is based on a % fre- 
quency of 388 cm. Further gaseous heat capacity 
data would provide a confirmation of the » fundamen- 
tal and allow the residual entropy to be determined 
more exactly. 
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Thermodynamic Properties of Trifluoromethanethiol from 12°K to Its Boiling Point. 
Entropy from Molecular and Spectroscopic Data 


R. E. Dininny* ann E. L. Pace 
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The heat capacity of trifluoromethanethiol has been measured from 12° to 227°K. The heat of fusion at 
the triple point temperature, 116.04°K, was 1177 cal mole“. The heat of vaporization at the normal boiling 
point, 235.16°K, was 4798 cal mole“. The vapor pressure has been measured, and the data are represented 
by the equation logiof mm = (— 1352.568/T) — 2.686918 logieT' + 15.00409. The entropy of trifluoromethane- 
thiol gas calculated from the calorimetric data was 69.45+0.17 eu at 235.16°K. The result calculated from 
spectroscopic data and structural parameters for the molecule was 70.19 eu. The discrepancy of 0.74+0.17 
eu has been attributed to a potential barrier of 1540+260 cal mole™ restricting the internal rotation of the 


trifluoromethyl! group. 





INTRODUCTION 


HIS paper presents the results of a calorimetric 

investigation directed towards determining the pos- 
sible existence and magnitude of a potential barrier to 
internal rotation in the trifluoromethanethiol molecule. 
Since there is no reason to expect, any residual entropy 
at absolute zero, one should be able to resolve any dis- 
crepancy between the calorimetric and spectroscopic 
entropy in terms of a barrier to the internal rotation of 
the trifluoromethyl group about the C—S bond. 


CALORIMETRIC SAMPLE 


The sample of trifluoromethanethiol was obtained 
from Dr. M. I. Bro of the Experimental Station of 
E. I. du Pont de Nemours and Company of Wilmington, 
Delaware. It was prepared by the method described by 
Muetterties' in which bis (trifluoromethylthio) mer- 
cury, (CF;S)2Hg, synthesized by the reaction of mer- 
curic fluoride and carbon disulfide, is treated with 
anhydrous hydrochloric acid in dioxane. 

The sample of trifluoromethanethiol, CF;SH, was 
purified by distillation through a low temperature 
fractionating column by a procedure similar to that 
described by Booth and Bozarth.? There were indica- 
tions that the compound was not stable particularly 
when it was condensed in a steel cylinder for weighing. 
As a result, the sample was introduced into the calori- 
meter directly from a Pyrex vacuum system without 
weighing. 

All the calorimetric measurements were made on a 
single sample. A second triple point study carried out 
two weeks after the start of the measurements indicated 
that the purity of the sample had not changed. Upon 
removal of the sample from the calorimeter, it was 
evident that there had been some chemical change. 
The sample introduced into the calorimeter was a clear 
and colorless liquid, whereas the sample which was re- 


* Now at the 2 henna of Chemistry, Union College, 
Schenectad 


th New York 
1E. L. Muetterties, U. S. Patent 2,729,663. 


2H. S. Booth and A. R. Bozarth, Ind. Eng. Chem. 29, 470 
(1937). 


moved exhibited some opaqueness and an orange colora- 
tion when condensed in a glass trap. It also was ap- 
parent that some of the sample was left as an involatile 
residue in the calorimeter since the heat capacity of the 
empty calorimeter had increased by about 0.3%. In 
order to allow approximately for this loss, the preceding 
increase in heat capacity was converted to an equivalent 
amount in grams of the sample. This amount was then 
added to the amount of sample withdrawn from the 
calorimeter to give a total of 0.4678 mole for the calori- 
metric sample. 


HEAT CAPACITY MEASUREMENTS 


A description of the apparatus used in this investiga- 
tion has been given.** The temperatures were meas- 
ured with a platinum resistance thermometer having an 
ice point resistance of 25.5 ohms. The thermometer was 
calibrated by the National Bureau of Standards. The 
temperatures are reported on the basis of an ice point 
temperature of 273.16°K. One calorie has been taken 
equal to 4.1840 absolute joules. 

The molar heat capacities as experimentally measured 
are listed in Table I and are shown graphically in Fig. 
1. The heat capacities at rounded temperatures are 
listed in Table II. 

The saturated heat capacities were determined from 


C.= (M/n)((G—Gp) — T(d/dT) (V—nv) (dP/4T) ], 
(1) 


where G is the heat capacity of the calorimeter when it 
contains m grams of sample; Go, the heat capacity of the 
empty calorimeter; V, the volume of the calorimeter in 
cc; v, the specific volume of the sample; M, the molecu- 
lar weight; P, the vapor pressure; and 7, the absolute 
temperature. The liquid densities, in g cc, were deter- 
mined experimentally and are given by the expression 


d=1.961—0.00239T (2) 
in the temperature range 150 to 230°K. 


* Pace, Sasmor, and Heric, J. Am. Chem. Soc. 74, 4413 (1951). 
4 Pace, Pierce, and Dennis, Rev. Sci. Instr. 26, 20 (1955). 
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Fic. 1. Molar heat ca- 
pacity of trifluoromethane- 
thiol. 
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The heat capacity measurements show a precision of 
+0.3% from 12°-50°K and +0.1% from 50°-230°K. 

Some scattering of the experimental heat capacities 
was observed in the premelting region around 95°K 
when a heater voltage of 10 v was used. The scattering 
was not observed when a heater voltage of 6 v was used 
in the same region. Therefore, it is believed that the 
scattered points which were observed represent non- 
equilibrium heat capacities resulting from a too rapid 
rate of heating. 


HEAT OF FUSION 


The heat of fusion was determined in the following 
manner. The calorimeter was brought to a temperature 
beiow the region in which premelting occurred. The 
calorimeter was then heated for a sufficient length of 
time to melt the entire sample and raise the temperature 
into the liquid range of the sample. The energy required 
to heat the solid and liquid phases was then subtracted 
from the energy input to yield the heat of fusion. The 
J GdT correction prior to fusion was obtained by using 
the extrapolated heat capacity curve shown as the 
dotted line in Fig. 1. The results of the heat of fusion 
measurements are listed in Table ITI. 

The triple point temperature was determined from 
the melting curve. Successive increments of the sample 





were melted over a period of about eight hours. The 
equilibrium temperature for each increment was re- 
corded. From these data, the triple point temperature 
of pure trifluoromethanethiol was found to be 116.04°K 
and the mole fraction of impurity in the sample was 
0.013 by the procedure described by Rossini.® The 
equilibrium temperatures for various fractions melted 
are found in Table IV. 


VAPOR PRESSURE 


The vapor pressure was measured with a Gaertner 
high precision cathetometer used in conjunction with a 
standard meter bar. Gravity, meniscus, scale, and 
temperature corrections were applied to the data. The 
data are represented by the equation, 


logioPmm= (—1352.568/T) — 2.686918 logwT 
+15.00409, (3) 


derived by the method of least squares. The least 
squares treatment of the data was carried out for a four 
constant equation but one of the constants was zero. 
The experimental vapor pressures as well as those cal- 
culated from Eq. (3) are found in Table V. The normal 


5 F. D. Rossini, Chemical Thermodynamics (John Wiley & Sons, 
Inc., New York, 1950), pp. 454-58. 





THERMODYNAMIC PROPERTIES 


boiling point of trifluoromethanethiol as calculated 
from Eq. (3) is 235.16°K. 


HEAT OF VAPORIZATION 


The heat of vaporization was carried out in a manner 
described by Scott.* The liquid was vaporized into one 
of two traps immersed in liquid nitrogen until constant 
pressure was attained. Rough adjustment of the takeoff 
rate was achieved by manipulation of a stopcock. Fine 
adjustment was made by means of a decade resistance 
box in series with the heater. When constant conditions 
were attained, the first trap was closed and the second 
opened simultaneously for collection of the vaporization 
sample for a known interval of time. Pressure readings 
were taken throughout the interval. 


Taste I. Molar heat capacity of trifluoromethanethiol. 0°C = 
273.16°K; 1 cal=4.1840 abs joules; mol wt=102.08; sample= 
0.4678 mole. 





C, 
cal deg! 
mole 


iain 
eg 
T°K mole 


Series T°’K Series 





12.53 
15.39 
19.20 


107.39 
116.04 


120.80 
121.09 
122.75 
124.65 
125.79 
129.17 
131.13 
134.06 
136.82 
142.43 
144.16 
147.99 
150.27 
153.49 
156.47 
158.92 
162.59 
164.30 
165.03 
168.64 
171.05 
174.62 
177.02 
178.05 
182.90 
186.05 
188.74 
191.50 
194.50 
197.28 
200.20 
202.99 
205 . 86 
208 . 67 
211.47 
214.29 
217.02 
222.55 26.77 

227.35 26.84 

235.16 normal boiling point 


21.47 3 
melting point 


26.02 
26.04 
26.03 
26.08 
26.00 
25.97 
25.92 
25.91 
25.88 
25.89 
25.82 
25.84 
25.78 
25.84 
25.83 
25.83 
25.87 
25.90 
25.89 
25.89 
25.92 
25.98 
25.97 
26.07 
26.12 
26.20 
26.11 
26.17 
26.19 
26.21 
26.23 
26.32 
26.40 
26.50 
26.44 
26.54 
26.57 


Pe 


7.893 
8.382 
9.444 
9.733 
0.05 
0.33 
0.83 
1.04 
1.34 


i pt ed et et 


63.65 
66.61 
68.79 
71.80 
73.96 
77.06 
79.06 
80.37 
80.81 
82.01 
84.10 
85.16 
86.25 
86.73 
89.08 
89.71 
90.02 
91.33 
93.02 
93.95 
96.11 
96.36 
98.59 
100.98 
103.58 
105.77 


— 
-_ 
n 
-— 


_ 


Ax2WSAUWROADIANIAIAUIAIARH 


16.40 
15.76 
15.28 
15.79 
16.48 
17.99 
19.78 





* Scott, Meyers, Rands, Brickwedde, and Bekkedahl, J. Re- 
search Natl. Bur. Standards 35, 39 (1945). 
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Taste II. Molar heat capacity of trifluoromethanethiol at 
rounded temperatures. Values taken from a smooth curve through 
the experimental data. 0°C =273.16°K; 1 cal=4.1840 abs joules; 
mol wt = 102.08; sample = 0.4678 mole. 





C 2 C, 
cal deg“ mole“ cal deg mole 





2.691 
4.516 


26.00 
25.93 
25.89 
25.84 
25.85 
25.85 
25.89 
25.91 
25.94 
26.01 
26.08 
26.14 
26.18 
26.23 


100 
105 
110 
115 


liquid 


120 
125 


26.08 
26.05 





® Extrapolated values. 


When an auxiliary heater immersed in the sample was 
found to be inoperative, the temperature of the vapori- 
zation was established from the vapor pressure which 
was observed continuously during the vaporization. 
The operating characteristics of the calorimeter during 
vaporizations are well known.’ Superheating of the 
liquid of the order of 0.1° exists during vaporizations at 
the rates which were used. In the case of the heat of 
vaporization of nitrogen trifluoride, simultaneous ob- 
servation of the temperature of the calorimeter with a 
resistance thermometer located in the reentrant well of 
the calorimeter and as determined from the pressure of 
the vaporization was possible. The difference in the 
worst case was 0.3°. Also, one can perform a calculation 
of the pressure drop in the line leading from the calori- 
meter to the manometer and show that the temperature 
difference corresponding to the pressure drop is negligi- 
ble (less than 0.01°). Therefore, the procedure which 
has been used here to determine the temperature of the 
vaporization introduces an uncertainty of between 0.1° 
and 0.3° in the temperature of the vaporization. 

During the vaproization process, m moles of vapor 
leave the calorimeter increasing the dead space by nv 
where »v is the molar volume of the liquid. This dead 
space is filled with mV moles of vapor where V is the 
molar volume of the vapor. The correct number of 
moles vaporized then is n(1+0/V). 


™L. Pierce and E. L. Pace, J. Chem. Phys. 23, 551 (1955). 
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TaBLE III. Molar heat of fusion of trifluoromethanethiol at the 
triple point temperature of 116.04°K. 0°C=273.16°K; 1 cal= 
4.1840 abs joules; mol wt = 102.08; sample = 0.4678 mole. 








Energy input 
cal mole 


fGdT 


AH; 
cal mole! 


Temp. interval 
°K cal mole7! 








95.45=119.76 
9334-118 .36 


2090 
2094 


913 
917 


1177 
1177 








Heat leak and f GdT corrections were applied to 
the energy input. 
The heat of vaporization is given by 


AH y= (Qeorr/n) (1+0/V) 1. 
Since x<V, (4) may be written 
4H,= (Quorr/m) (1—2/V). 


(4) 


(5) 
The heat of vaporization was measured at 236.50°K. 
This value was corrected to the normal boiling point, 
235.16°K, by means of the relation, 

d(AH) /dT= Cyciiauia) = AC5, (6) 
AC, was estimated to be 10 cal mole by using the 
heat capacity of the gas determined theoretically and 
the observed heat capacity of the liquid. A summary of 


the heat of vaporization measurements is presented 
in Table VI. 


ENTROPY FROM CALORIMETRIC DATA 


The results of the calculations of the calorimetric 
entropy are listed in Table VII. The gas imperfection 
was calculated from the Berthelot equation using the 
critical temperature of 373°K and critical pressure of 
44.2 atmos estimated by the methods of Lydersen*® 
and Riedel,’ respectively. 

The total estimated uncertainty of 0.17 eu can be 
broken down in the following manner: sample weight, 
0.05 eu; heat capacity data, 0.06 eu; heat of fusion, 
0.01 eu; heat of vaporization, 0.04 eu; and gas imperfec- 
tion, 0.01 eu. 


TABLE IV. Equilibrium temperatures for various fractions melted. 








Temperature °K Fraction melted 





114.62 
115.19 
115.44 
115.59 
115.68 
116.04 


0.212 
0.390 
0.567 
0.745 
0.923 
1.000 
(extrapolated) 
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TABLE V. Vapor pressure of trifluoromethanethiol 
(0°C =273.16°K). 





Prove 


: P calc” 
int mm Hg 


int mm Hg 


Temperature 
K 


Povs— Peaie 





167.75 
175.32 
183.01 
190.48 
197.82 
205.05 
211.93 
218.52 
224.09 
230.49 
236.03 


9.20 
18.17 
34.29 
59.94 
99.28 

157.15 
235.38 
337.64 
449.19 
611.12 
792.51 


9.19 
18.21 
34.22 
59.92 
99.30 

157.01 
235.37 
337.61 
449.61 
613.27 
789.97 


RPNSSSSSSOSOS 
£an882SeS8Sere 





® logioP mm= (—1352.568/T) —2.686918 log10T+ 15.00409. 


SPECTROSCOPIC ENTROPY 


The value assumed for the molar gas constant R in 
the calculations of the spectroscopic entropy was 
1.9877 cal deg mole.” The translational contribu- 
tion to the entropy was calculated from the relation, 


Sr= RES InT— InP+3 InM—1.164], (7) 


with T=235.16°K, P=1 atmos, and M=102.08. 

No electron diffraction or microwave data are avail- 
able for trifluoromethanethiol, so it was necessary to 
assume reasonable values for the bond angles and bond 
distances in order to calculate the principal moments of 
inertia. The following bond angles and bond distances 
were used in the calculations: ZF—C—S, 110°; 
ZC—S—H, 100°; ZF—C—F, 110°; S—H distance, 
1.35 A; C—F distance, 1.36 A; and C—S distance, 
1.83 A. These parameters were taken from the mole- 
cules CF;Cl" and CH;SH.” The atomic masses were: 
F, 3.155X10-" g; C, 1.994 10-% g; S, 5.32310 g; 
and H, 0.1674 10-* g. From these data, the product, 
I,I Ic, of the principal moments of inertia was found 
to be 10.97X10-™* (in cgs units). 


TABLE VI. Molar heat of vaporization of trifluoromethanethiol 
at the normal boiling point of 235.16°K. 0°C =273.16°K; 1 cal= 
4.1840 abs joules; mol wt = 102.08. 





Moles vaporized 


Mean temperature of vaporization, 
° 
K 


0.04477 
236.50 


0.03525 
236.49 


Corr energy input, cal mole 
SGdT, cal mole 

Heat leak, cal mole 

AH,, cal mole at 236.50°K 
AH,, cal mole at 235.16°K 


4829 
—31 
—15 
4783 
4796 








8 A. L. Lydersen, ‘‘ Estimation of critical properties of organic 
compounds,” Coll. Eng., Univ. Wisconsin, Eng. Exptl. Station 
Rept. 3, Madison, Wisconsin (April, 1955). 

*L. Riedel, Z. Elektrochem. 53, 222 (1949). 


10 J. W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 
25, 691 (1953). 
11H, W. Thompson and R. B. Temple, J. Chem. Soc. 1948, 
1422 


2 Russell, Osborne, and Yost, J. Am. Chem. Soc. 64, 165 (1942). 





THERMODYNAMIC PROPERTIES OF TRIFLUOROMETHANETHIOL 


The contribution to the entropy due to external ro- 
tation was calculated according to 


Sp, = RU} InT+4 InJ4Iplc— Ino+134.678]. (8) 


The symmetry number ¢ is unity for the CF;SH mole- 
cule. 

Further calculations were made to determine how 
sensitive the rotational entropy was to the value as- 
sumed for the C—S—H angle. The change in entropy 
resulting in an increase of the C—S—H angle from 90° 
to 110° is only 0.03 eu. 

The entropy contribution due to internal rotation 
was calculated according to 


Sr;= RU-—0.775+43 InT+43 InT rea X 10°— Inn | (9) 


where m= 3. The reduced moment of inertia is 2.821 
10-™ g cm’. 
The fundamentals of the molecule assigned from an 


TABLE VII. Calorimetric entropy of trifluoromethanethiol at the 
normal boiling point of 236.16°K and at 1 atmos pressure. 





Process eu/mole 





0-12.53°K, Debye extrapolation, 18 deg of 0.63 


freedom, 0= 142.6 
12.53-116.04°K, graphical integration 
Fusion, 1177/116.04 


Entropy of the liquid at the solid, liquid, vapor 
triple point 


116.04-235.16°K, graphical integration 
Vaporization, 4798/235.16 


Gas imperfection, Berthelot equation, 
(T.=373°K; P.=44.2 atmos). 


Entropy of the ideal gas at 235.16°K, 1 atmos 
pressure 


19.680. 06 
10.14+0.02 
30.45+0.08 


18.45+0.04 
20.40+0.04 
0.15+0.01 


69.45+0.17 
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Taste VIII. Molar entropy of trifluoromethanethiol at 235.16°K 
and 1-atmos pressure from spectroscopic and molecular data. 





Contribution eu/mole 





S (translational) 

S (external rotational) 

S (internal rotational) 

S (vibrational) 

Entropy of the ideal gas at 235.16°K and 1-atmos 
pressure 


38.613 
25.488 
2.734 
3.357 
70.192 





analysis of the infrared spectrum were” »,— 1136 cm7; 
ve—1179, 1167 cm; »3—463 cm; »%—521, 521 cm; 
vs— 763 cm; ve—342, 342 cm; »—2618 cm; »— 
torsional mode; and »y—540 cm“. 

The resulting spectroscopic entropy is shown in Table 
VIII. 

Comparison of this result with the calorimetric 
entropy shows a discrepancy of 0.74 eu. There is no 
reason to expect any randomness in the crystal, so the 
difference may be attributed to a potential barrier 
hindering the internal rotation of the trifluoromethyl 
group. Using Pitzer’s tables,“ the potential barrier 
was found to be 1540 cal mole as compared with 1460 
cal mole for the molecule CH;SH.” The uncertainty 
of +0.17 eu in the calorimetric entropy results in an 


uncertainty in the magnitude of the barrier of +260 
cal mole. 
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Interaction of Hydrogen with Tungsten* 


T. W. Hickmottr 
General Electric Research Laboratory, Schenectady, New York 
(Received September 15, 1959) 


Measurements have been made under ultra-high vacuum conditions of the rates and isotherms for the 
adsorption of hydrogen on tungsten, the rate-of desorption of hydrogen from tungsten, and the rate of 
formation of atomic hydrogen by an incandescent tungsten filament. When hydrogen chemisorbs on tungsten 
at 77°, the sticking probability is 0.1 and two distinct states of binding, a and 8, may be isolated at adsorp- 
tion pressures as low as 2.5X10-* mm. Analysis of desorption kinetics of the most tightly bound state, 8, 
shows that hydrogen chemisorbs as atoms since evaporation is second order in adsorbed hydrogen. For ng< 
30X10" molecules/cm*, vy¢= (5X 10~*)n? exp(—31 000/RT)molecules/cm*-sec. At higher coverages, a de- 
crease in heat of desorption is observed which is due to surface heterogeneity. At equilibrium, the amount 
adsorbed in the 8 state obeys a Temkin isotherm between 273° and 373°K; evaporation of hydrogen in the 
8 state occurs down to temperatures as low as 77°K. Isosteric heats agree with heats derived from desorption 
measurements. The @ state, populated before the 8 state is saturated at 77°K, is proportional to hydrogen 
pressure and probably consists of molecular hydrogen on top of the primary atomically chemisorbed layer. 
The rate of evaporation of atomic hydrogen when the filament temperature is raised above 1100°K is 
v4 = (2.2 10"*)n exp(—67 000/RT)molecules/cm*-sec. For pressures below 10-7 mm and filament tempera- 
tures above 1475°K, the fraction of molecules striking the filament surface that is dissociated is constant and 
at least 0.05. Values of surface coverage and the rate of formation of atomic hydrogen as a function of fila- 


ment temperature and hydrogen pressure are derived from experimental data. 





I. INTRODUCTION 


N essential preliminary to understanding such 
simple catalytic reactions as hydrogen-deuterium 
exchange, or ortho-para hydrogen conversion on tung- 
sten is knowledge of the kinetic processes at the surface. 
Rates of chemisorption, rates of surface diffusion, and 
rates of evaporation of hydrogen from tungsten, as well 
as characterization of the states of binding are all 
needed.! Adsorption studies on tungsten filaments? and 
evaporated films** have provided a great deal of 
information on the stability and properties of chemi- 
sorbed hydrogen.* Measurements of kinetic processes 
include studies of surface diffusion’ and the rate of 
formation of atomic hydrogen,*.* but attempts to apply 
ultra-high vacuum techniques to determine rates of 
adsorption”: have been vitiated by spurious effects 
caused by operation of the ionization gauge used 
to measure pressures below 10> mm.” Atomic hydrogen, 


* Presented in part at the American Physical Society Meeting, 
Cambridge, Massachusetts, April, 1959. 

1G. Ehrlich, J. Chem. Phys. 31, 1111 (1959). 

2 J. K. Roberts, Proc. Roy. Soc. (London) A152, 445 (1935). 
See also, A. R. Miller, The Adsorption of Gases on Solids (Cam- 
bridge University Press, Cambridge, England, 1949). 

3Q. Beeck, Advances in Catalysis 2, 151 (1950). 

4B. M. W. Trapnell, Proc. Roy. Soc. (London) A206, 39 
(1951). 

5 J. C. P. Mignolet, Rec. trav. chim. 74, 685, 701 (1955). 

* PD. D. Eley, Advances in Catalysis 1, 157 (1949). 

7Gomer, Wortman, and Lundy, J. Chem. Phys. 26, 1147 
(1957). 

8G. Bryce, Proc. Cambridge Phil. Soc. 32, 648 (1936); J. K. 
Roberts and G. Bryce, ibid. 32, 653 (1936). 

*D. Brennan and P. C. Fletcher, Proc. Roy. Soc. (London) 
A25@, 389 (1959). 

%¢ T. W. Hickmott and G. Ehrlich, J. Phys. Chem. Solids 5, 47 

1958). 
J. Eisinger, J. Chem. Phys. 29, 1154 (1958). ; 

2 T, W. Hickmott, J. Appl. Phys. 31, 128 (1960); Bull. Am. 
Phys. Soc. Ser. II 3, 259 (1958). 


produced by the tungsten electron source of a conven- 
tional ionization gauge, reacts with glass to produce 
carbon monoxide, water vapor, and methane that con- 
taminate the tungsten surface. It also adsorbs strongly 
on the glass walls introducing significant errors in 
quantitative measurements of hydrogen pressures. The 
present work reports measurements, made under ultra- 
high vacuum conditions, of the rate of chemisorption 
of hydrogen on tungsten, rates of evaporation of 
molecular and atomic hydrogen, and isotherms for the 
adsorption of hydrogen on tungsten using a modified 
ionization gauge that minimizes difficulties encountered 
in previous work. 


EXPERIMENTAL METHODS 
Vacuum Techniques 


The vacuum system used” consisted of a 2} in. o.d. 
Pyrex bulb containing the tungsten adsorption sample, 
a Bayard-Alpert® ionization gauge, and an omegatron 
ion-resonance mass spectrometer," separated from the 
pumps by a magnetically operated ground glass valve. 
The adsorbate was a 0.010 in. tungsten filament, 16 
cm long, mounted on 0.150 in. Mo leads. Analysis of 
the tungsten, obtained from the Kulite Co., showed 
0.003% C. After a very light electrolytic etch in 1N 
NaOH, the filament was aged by heating in vacuum of 
10-° mm at 2750°K for six hours and for 15 min at 
3000°K." The ionization gauge was modified by sub- 
stituting a lanthanum boride-coated tantalum filament 
for one of the tungsten gauge filaments that served as 
an electron source. The low work function of this emit- 
ter'® enabled the gauge to operate at a temperature 


18D. Alpert, j. Appl. Phys.:24, 860 (1953). 
14 Sommer, Thomas, and Hipple, rhe ge Rev. 82, 697 (1951). 
 G. Ehrlich, J. Phys. Chem. 60, 1388 (1956). 


16 J. M. Lafferty, J. Appl. Phys. 22, 299 (1951). 
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(<1100°K) such that molecular hydrogen was not 
appreciably dissociated to form atomic hydrogen. This 
minimized excessive pumping of hydrogen by the 
gauge, and reduced production of contaminant species 
by interaction of atomic hydrogen with glass to negli- 
gible proportions. Electron currents less than 5X10 
amp were used for nearly all pressure measurements; 
operation of the gauge at higher electron currents gave 
unreliable pumping speeds as well as producing exces- 
sive amounts of contaminant unless the sample bulb 
was immersed in liquid nitrogen. The ionization gauge 
constant of 4.4 (mm Hg)~ for hydrogen was obtained 
by calibration against a McLeod gauge with a gauge 
constant of 2.8X10-". The omegatron was used only to 
make qualitative observations of adsorption and to 
ascertain that the experimental results were characteris- 
tic of the interaction of hydrogen with tungsten. 
Analyzed reagent grade hydrogen was obtained in 
liter flasks from the Air Reduction Co. and used as 
received. The sample bulb of volume 285 cc could be 
thermostatted as desired; corrections for pressure 
differences due to the ionization gauge and adsorption 
sample being at different temperatures have been made 
when necessary.” Standard procedures for producing 
and measuring ultra-high vacua were _ used.!-13.16 
Residual gas pressures of ~1X10-" mm with ioniza- 
tion gauge and omegatron operating were obtained 
before hydrogen was admitted to the vacuum system. 

Three different kinds of experiment will be reported; 
measurements of the kinetics of desorption of hydrogen 
from tungsten, measurements of isotherms and the 
kinetics of adsorption, and measurements of the rate of 
formation of atomic hydrogen. Experimental methods 
of working with high vacuum are common to all three; 
the experimental procedures and interpretation peculiar 
to each type of measurement will be discussed sepa- 
rately. 


Rate of Formation of Atomic Hydrogen 


The pressure, p. mm, in a vacuum system of volume 
V cc at temperature 7, is determined at any instant by 
the difference in the rate of supply of molecules to the 
system and their rate of removal,” 


(V/kT.) (dp./dt) = FytFr— Fyw—aF,z molecules/sec. 
(1) 


Fy, the flow of molecular hydrogen into the system 
from the reservoir, is constant in any series of measure- 
ments. The flow of hydrogen out of the system is 


Fw=(Sw/kT-) (pe— pu) == (Sw/kT-) p- molecules/sec, 
(2) 
where Sw is the effective pumping speed due to gauge, 


walls and port, , is the pressure on the low-pressure‘ 


17§. Dushman, Vacuum Techniques (John Wiley & Sons, Inc., 
New York, 1949), p. 65. 
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side of the ground glass valve and p.>pu. Fr gives the 
effect of the filament on molecular flow; for a saturated 
filament or one maintained at a constant temperature, 
F,=0; aFy is the rate of removal of molecular hydro- 
gen from the system after dissociation on a hot filament 
and subsequent adsorption on the glass walls; Fg, the 
rate of dissociation of molecular hydrogen, depends on 
filament temperature and hydrogen pressure while a, 
the fraction of atomic hydrogen adsorbed by the glass, 
is primarily a function of the amount of atomic hydro- 
gen previously adsorbed by the glass,” and the glass 
surface temperature. 

The accuracy of measurements of the rate of forma- 
tion of atomic hydrogen depends on complete removal 
from the vapor phase of all the free radicals formed. 
Langmuir, in his early work on the properties and 
formation of atomic hydrogen by an incandescent 
filament, used liquid air-cooled glass to trap the atoms, 
but obtained erratic results due to marked fatigue 
effects in the efficiency of trapping of atomic hydrogen 
by glass. Other attempts to use liquid nitrogen-cooled 
glass as a trap have also proved unsatisfactory,” but 
all these measurements were made at hydrogen pres- 
sures of 10-* mm and greater; if one works instead in a 
constant flow system at hydrogen flows of less than 
~8 X10" molecules/sec, glass surfaces baked at 250°C 
and cooled in liquid nitrogen give reproducible and 
efficient surfaces for the trapping of atomic hydrogen. 

After the sample bulb has been baked at 250°C, it is 
immersed in liquid nitrogen and the tungsten filament is 
cleaned by flashing briefly to 2200°K. A flow of hydro- 
gen, Fy, is established with the filament saturated and 
Sw is evaluated from the rate of increase of pressure 
on closing the port. The steady-state pressure in the 
cell, po, is determined by Fy and Sw. The filament is 
then raised to some temperature, 7, (1100°<T< 
1500°K) and held constant. The pressure in the cell 
drops rapidly to a new value, ~., and remains constant 
for about 30 sec before it begins to rise. The value of a 
corresponding to the minimum pressure, a, is a» and 
is assumed to be unity in order to calculate 


Fu(T, pa) = Sw(po— pa) /kT- (molecules/sec). (3) 


By varying F y, one obtains Fg as a function of pressure 
for different values of filament temperature. If the glass 
has not been baked before each run or if F y> 80010" 
molecules/sec the pressure drop (fo— 2) on increasing 
the filament temperature will be too small and a low 
rate of formation of atomic hydrogen will be observed. 

Filament temperatures above 1000°K were deter- 
mined from the tables of Jones and Langmuir.” Cooling 
of the filament by the leads meant that the measured 
rate of formation of atomic hydrogen, Fg, was less than 


18], Langmuir, J. Am. Chem. Soc. 34, 1310 (1912); 37, 417 
(1915); 38, 1145 (1916). 

WN, S. Zaitsev, J. Phys. Chem. U.S.S.R. 14, 644 (1940). 

%H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310, 354, 
408 (1927). 
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if the whole filament were at the temperature of the 
center of the filament, 7,,. To correct for lead cooling 
the area of the filament, @,, corresponding to 0.957 n< 
T<T,, was determined by standard methods." At 
T=0.95 T,, the rate of production of atomic hydrogen 
is $ to } that due to the central portion of the filament 
being at 7. Fy’=Fx/a. (molecules/cm?-sec) is then 
the .ate of formation of atomic hydrogen per unit area. 


Isotherms and the Kinetics of Adsorption 


Flash filament techniques for studying the kinetics 
of chemisorption have been presented in detail and will 
only be summarized here.”..*2 Determination of rates 
of adsorption and rates of desorption of hydrogen on 
tungsten depend on the measurement of Fy in Eq. (1). 
If the filament temperature is kept below 1050°K, 
Fy=0 and the rate of change of m, the concentration in 
molecules/cm? of hydrogen on tungsten is given by 


F,/as= (dn/dt) =yops— E molecules/cm?-sec. (4) 


ay is the geometric area of the filament, ue p- is the im- 
pingment rate per cm? of molecular hydrogen on the 
filament,.s is the sticking probability, the probability 
that a molecule striking the filament is chemisorbed, 
and E is the rate at which molecular hydrogen evapor- 
ates from the surface. The actual surface area is un- 
known so the geometric area, ay=1.27 cm?, has been 
used. This is smaller than the true area by some un- 
known roughness factor. The two limiting cases, uep.s>> 
E and yuep.s«E correspond to conditions for determin- 
ing rates of adsorption and desorption, respectively, 
while isotherms have been measured under equilibrium 
conditions; dn/di=0, peops= E. 


ue DP S>E 


Fy, the rate of removal of hydrogen from the system 
by the cold filament, can be measured from the pressure 
drop while the filament is chemisorbing under con- 
stant flow conditions, just as a Fg is measured, and 


S= Fp/popaas= Sw(po— pa) /u2paaskT-. (5) 


Alternatively, after the filament has adsorbed gas for 
some arbitrary time interval it may be heated quickly 
(flashed) to 1100°K to evaporate the adsorbed gas. 
From the resultant pressure increase and known sys- 
tem volume, the number of molecules adsorbed in time 
t is determined, n= VAp/a,kT, and 


s= (1/uspe) (dn/dt), (6) 


where #, is the cell pressure just before flashing at time 
t. The flash filament method has the advantage of not 
depending on the measured value of Sw; Sw need only 


* Langmuir, MacLane, and Blodgett, Phys. Rev. 35, 478 
(1930). 

#2 J. A. Becker and C. D. Hartman, J. Phys. Chem. 57, 153 
(1953). 


T. W. HICKMOTT 


be kept small enough that pumping from the system is 
negligible during the time to flash the filament (<0.2 
sec). Both methods of measuring the sticking proba- 
bility have been used with results in good agreement, 
though the flash filament method is more accurate. 

If the filament is heated above 1100°K during flash- 
ing, a pressure decrease due to production of atomic 
hydrogen and its adsorption on the glass should be 
observed. Observations of a pressure increase on flash- 
ing the filament"-" from 1100° to 2200°K only occur if 
contamination produced by the ionization gauge is 
present in large enough amounts that the pressure in- 
crease caused by evaporation of contaminant species is 
larger than the pressure decrease due to pumping of 
hydrogen by gauge filament and the hot adsorption 
sample. To eliminate the production of atomic hydro- 
gen during flash filament measurements a timer circuit 
has been used that cuts off the heating current after 
desorption of hydrogen is complete and before the fila- 
ment temperature reaches 1100°K. Production of con- 
tamination by the gauge has limited measurements of 
the kinetics of adsorption to adsorption temperatures 
of 77°K and 194°K. At these temperatures, an electron 
current of 5X 10~ amp could be used since the cold glass 
trapped contaminant molecules. In measuring adsorp- 
tion isotherms at higher temperatures, electron currents 
of 5X10~* amp were used. The total amount adsorbed 
could be determined accurately, as could pressures of 
1—150X10~7 mm, which were used for isotherm meas- 
urements. However, pressures below ~1X107’ mm 
could not be measured accurately with such low elec- 
tron currents. The upper pressure limit in determining 
isotherms was reached when the pressure increase on 
flashing the filament was smaller than the ambient cell 
pressure just before flashing. 


E>. ps 


The isothermal rate of evaporation of hydrogen from 
a tungsten filament may be expressed” as 
—dn/di= E=k,n*=n*v, exp(—AH,/RT) 
molecules/cm*-sec (7=const). 


(7) 


The order of the reaction is indicated by ~x, vz is the 
pre-exponential factor which is assumed independent 
of T to a first approximation and Ad, is the activation 
energy for the desorption process. If 1/T can be repre- 
sented during a flash by 1/7=a+ol, a condition that 
can be adjusted experimentally, and if AH,~AH,(n), 
Eq. (7) can be integrated” to give 


x=1, In(m/n) 

=[v2R/(—AHzby) Je exp(A4H./RT) (8) 
a= 2, [(mo—n) /nno | 
where 


e= {1— exp[(AH,/R) (T"— Ty) }}. 
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To is the temperature at which evaporation is just 
detected, and m is the surface concentration of molecu- 
lar hydrogen just before flashing the filament. Cal- 
culated from experimental data, ¢ has a negligible effect 
on the kinetics of desorption of hydrogen from tung- 
sten. 

To show that the assumptions on which Eq. (8) is 
derived are valid (i.e., that E>>yep.s), one needs to 
show that desorption of hydrogen depends on the rate 
at which the filament is heated and that the concentra- 
tion term in Eq. (8), at a given temperature, is linear 
in the time to reach that temperature, 


d[(m9—n) /nno ] r-const 
d(—1/bp) 
= (v,Re/AH;) exp(—AH,/RT) 
d[In(o/n) ]reconst 
d( pas 1/bp) ; 


If Eq. (8) is valid a plot of 1/e Inmo/n or (m—n)/ne 
against 1/7 determines the order of the desorption 
reaction as well as the heat of desorption, AHg. 

The kinetics of desorption have been obtained with 
an ac bridge, which uses the change in resistance as the 
filament is heated with a constant direct current to 
provide a signal proportional to filament temperature.” 
Temperature calibration differs from that used in 
measuring the rate of formation of atomic hydrogen. 
Desorption of adsorbed hydrogen as molecular hydro- 
gen occurs below 1000°K. The filament temperature is 
initially uniform and equal to the temperature of the 
thermostatting bath. Since the temperature interval 
from 300° to 1100°K is traversed rapidly (<1.2 sec), 
cooling due to leads is negligible and the whole filament 
may be considered “‘ideal,” at a uniform temperature 
throughout the time during which desorption occurs. 
Knowing Rp, the filament resistance at the adsorption 
temperature, the resistance, R, corresponding to any 
other temperature may be calculated,” and a tempera- 
ture scale determined in terms of measured resistance 
changes on flashing the filament. Unfortunately, selec- 
tion of Rp during a flash has some uncertainty since an 
instrumental transient, whose magnitude depends on 
the heating current, occurs which shifts the zero point. 
This initial point has been determined by substituting 
in the bridge circuit a heavy wire-wound resistance of 
the same magnitude as the filament resistance, but one 
which does not heat appreciably when the flashing cur- 
rent is turned on. 





x=2, 


(9) 
x=1, 





EXPERIMENTAL RESULTS AND DISCUSSION 
Rate of Desorption of Hydrogen from Tungsten 


One of the important problems in adsorption is 
establishing whether a chemisorbed diatomic molecule 
is bound to the substrate in molecular form or dis- 


23, E. Forsythe and E. M. Watson, J. Opt. Soc. Am. 24, 114 
(1934). 
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Fic. 1. Desorption of hydrogen from tungsten initially at 
300°K. Temperature scale identical in each picture. 


sociated and adsorbed as atoms. To explain his observa- 
tions of the production of atomic hydrogen by an 
incandescent filament, Langmuir suggested that hy- 
drogen was chemisorbed as adatoms. This view re- 
ceived support from Roberts” calorimetric measure- 
ments of the heat of adsorption of hydrogen by tungsten 
wires and also indirectly by comparison of total amounts 
of different gases adsorbed by tungsten films.™% 
However, a direct determination that chemisorbed 
hydrogen is bound as atoms has not been reported. 
Although measurements of the kinetics of evaporation 
provide the most direct method of determining this and 
the heats of binding, only the desorption of nitrogen 
from tungsten has been examined in detail.-“ For nitro- 
gen, the kinetics of evaporation closely approximate 
those that would be expected for an ideal two-dimen- 
sional gas in which collision of two adatoms with an 
energy greater than the heat of evaporation is the limit- 
ing step in desorption. Leypunsky* has studied the 
evaporation of hydrogen from metals by depositing 
atomic hydrogen on evaporated films of aluminum, 
copper, nickel and iron at 77°K and measuring the 
rate of evolution of molecular hydrogen on warming 
the film. 

Pressure-temperature curves for the evolution of 
hydrogen from a tungsten filament, at four different 
initial coverages, after desorption at 300°K are shown 
in Fig. 1. Evaporation of chemisorbed hydrogen begins 
at successively lower temperatures as the initial cover- 


<a tea Smith, and Wheeler, Proc. Roy. Soc. (London) A177, 
* E. K. Rideal and B. M. W. Trapnell, Proc. Roy. Soc. (Lon- 
don) A205, 409 (1951). 
*6Q, I. Leypunsky, Acta. Physicochim. U.S.S.R. 5, 271 (1936). 
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Fic. 2. Effect of rate of heating of filament on desorption of 
hydrogen from tungsten. Adsorption temperature, 300°K. 


age increases; saturation evaporation occurs at the 
temperature of adsorption, and the total amount 
adsorbed depends on the hydrogen pressure just before 
flashing. Analysis of these curves according to Eq. (8) 
requires that E>>uep-s, that 1/T=ao+byt, and that 
AH,, the heat of evaporation, does not depend on the 
surface concentration of adsorbed hydrogen. To estab- 
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Fic. 3. (a) Reciprocal filament temperature, 1/7’, vs time during 
flashing with constant direct current. (b) Dependence of the 
integrated expression for second-order desorption kinetics on 
rate of heating of filament, at constant temperature. 


lish that E>>pep-s, Fig. 2 shows the number of mole- 
cules/cm*, (%—n), desorbed up to temperature T 
for different rates of heating of the filament, but for 
identical initial concentrations of adsorbed hydrogen. 
The slower the filament is heated (smaller heating cur- 
rent), the larger the amount of gas evaporated at lower 
temperatures. No correction has been made for pumping 
of hydrogen from the system during the flash although a 
decrease of the total peak height at lower heating rates 
shows that such an effect is operative. In spite of such 
pumping through the exit port, lower rates of heating 
result in larger values of (—m) for a given value of T. 
Figure 3(a) shows that 1/T is linear in time over the 
temperature region in which evaporation occurs. By 
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Fic. 4. Analysis of pressure-temperature curves for hydrogen 
on tungsten according to first-order and second-order kinetics. 





varying the constant filament heating current for 
desorption, Ia. (amp), it is found that (—b)) =[9.0X 
10*+4.2X10- Ja.2] (deg K-sec)—. 

Figure 4 compares first and second order desorption 
plots for hydrogen from tungsten at low coverage. 
The correction term in Eq. (8), ¢, which depends on the 
heat of desorption and the temperature at which desorp- 
tion just begins, is negligible and is not included. From 
the excellent fit to a second order equation over the 
whole temperature range, we conclude that hydrogen 
is chemisorbed as atoms rather than as molecules at 
low coverages. The limiting step in evaporation, second 
order in adsorbed hydrogen, involves collision of two 
adatoms with an energy greater than 31 kcal/mole and 
the subsequent evaporation of the molecule formed. 
That the competing reaction, adsorption, is not import- 
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ant is shown in Fig. 3(b) where (m—n)/n is plotted 
against (—1/5)) at constant temperature and for con- 
stant initial concentration of adsorbed hydrogen 
molecules. The linearity of this indicates adsorption is 
negligible, in agreement with Eq. (9). 

In deriving Eq. (8), AH, the heat of desorption, has 
been assumed to be independent of the surface concen- 
tration of hydrogen. Measurements of the heat of ad- 
sorption of hydrogen on tungsten wires? and tungsten 
films* have shown a marked decrease in the heat of ad- 
sorption with increasing coverage. Figure 5 shows the 
evaporation of hydrogen from tungsten for different 
initial coverages, analyzed as a second order reaction. 
At low initial coverages (™<30X10" molecules/cm?) 
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_ Fic. 5. Desorption of hydrogen from tungsten at different 
initial coverages, analyzed as a second-order reaction. 


the heat of desorption is constant, and second order ki- 
netics are accurately observed. At higher coverages 
marked deviations from Eq. (8) occur although for these 
coverages a heat of desorption which decreases with in- 
creasing coverage can be obtained for the most tightly 
bound hydrogen. Figure 6 shows that, at coverages close 
to saturation, the evolution of chemisorbed hydrogen is 
independent of the rate of heating of the filament 
except for pumping of hydrogen from the system 
which reduces the peak heights at low heating rates; 
the assumptions on which Eq. (8) is derived are not 
valid. This is in marked contrast to the desorption of 
nitrogen from tungsten where adsorption also occurs 
as atoms, but the heat of evaporation is constant up to 
the highest coverages.” For initial hydrogen coverages, 
m<30X 10 molecules/cm*, the heat of desorption is 
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Fic. 6. Effect of rate of heating of filament on desorption of 


y from tungsten, at high coverages. Filament saturated 
at p2=5.2X10-§ mm, T=300°K. 


constant, as shown in Table I and v, the pre-exponen- 
tial factor for evaporation of hydrogen from tungsten, 
may be calculated from Eq. (8). Molecular hydrogen 
chemisorbs as atoms at low concentrations, and the 
rate of desorption is dn/dt=—kn?=— (5X10) n? 
exp(—31000/RT) molecules/cm*-sec. With a simple 
model of an ideal two-dimensional gas, the pre-exponen- 
tial factor for evaporation is given by o[xk7T/m}, 
where o is a hard sphere collision diameter, m is the 
mass of the hydrogen atom, and & is Boltzmann’s 
constant. For T=600°K and o=1 A, »=4X10-%, in 
excellent agreement with the experimental values. 
Thus, at low coverages, hydrogen chemisorbed on 
tungsten closely approximates an ideal two-dimensional 
gas for filament temperatures above 600°K. 


Rate of Formation of Atomic Hydrogen 


Langmuir, who first studied the formation and 
properties of atomic hydrogen produced by the interac- 


TABLE I. Kinetics of desorption of hydrogen from tungsten at low 
surface coverages. 
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Fic. 7. Dependence of the maximum rate of pumping of atomic 


hydrogen, by glass at 77°K, on hydrogen pressure, at different 
tungsten filament temperatures. 


tion of molecular hydrogen with an incandescent 
filament," recognized that fatigue effects in the adsorp- 
tion of atomic hydrogen by glass made his measured 
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Fic. 8. Dependence of the maximum rate of pumping of atomic 
hydrogen, by glass at 77°K, on hydrogen pressure, at different 
tungsten filament temperatures. 


rates too low, but concluded that production of atomic 
hydrogen occurred from a dilute surface film. Support- 
ing this view was the observation that electron emission 
from tungsten was unaffected by a hydrogen atmo- 
sphere. Bryce and Roberts,® using MoO; to trap the 
atomic hydrogen, found that Langmuir’s measured 
rates of dissociation were too low by a factor of about 
200, and determined that the rate of formation of 
atomic hydrogen was proportional to p,z,! in the pres- 
sure range from 3X10 to 4X10 mm. Two mechan- 
isms for the formation of atomic hydrogen were in 
accord with their measurements. One mechanism in- 
volved a nearly complete adsorbed film while the other 
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Fic. 9. Dependence of the maximum rate of pumping of atomic 
hydrogen, by glass at 77°K, on hydrogen pressure, at different 
tungsten filament temperatures. 


assumed that evaporation of atomic hydrogen occurred 
from a dilute surface film. Bosworth’s” measurements 
of the contact potential of hydrogen chemisorbed on 
tungsten caused them to favor the first mechanism 
with a surface coverage, 0~0.6—0.7. More recent 
contact potential measurements® have discredited Bos- 
worth’s results and Brennan and Fletcher,’ in reexamin- 
ing the problem, have concluded that atomic hydrogen 
evaporates from a dilute surface layer. In extending 
the hydrogen pressure below 10-* mm, they have 
observed a transition from a rate proportional to pz,* 
to one directly proportional to pz,. For 1X10 mm< 
pa,<1X10 mm, the rate of formation of atoms is 
04=18X10"Pant exp(—52 600/RT) atoms/cm?-sec; 


2 R. C. L. Bosworth, Proc. Cambridge Phil. Soc. 33, 394 (1937). 
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TABLE IT. Calculation of the rate constant for the formation of atomic hydrogen. 








Pa 
(mm) 


Fy 
Temp (°K) (Molecules/sec) 


Fy’ 
(Molecules/ 


n ka 
sec) Molecules/cm? (sec) 





1176 
1215 
1253 
1280 
1327 
1360 
1393 
1426 


51X10” 
13510” 
210X 10" 
139 10" 
217X10" 
21210" 
294 10” 
31110" 


90 10-* 
90X 10-* 
60X 10-* 
15X10* 
10X10-* 
5.0X10-% 
4.0X10-* 
3.0X10-* 


73X10" 
180 10” 
27110" 
173X10" 
269X 10% 
250X 10" 
337X 10” 
350X 10" 


11.910" 14 
9.6510" 

6.47X 10" ; 
2.7510" , 
1.70X 10" 158 
9.36K 10 267 
5.65X 10° 597 
2.86 10° 1220 








the lower values found by earlier workers**-* are at- 
tributed to contamination of the tungsten filament by 
stopcock grease. The general problem of the interaction 
of diatomic molecular gases with a surface has been con- 
sidered in detail by Ehrlich,’ and in particular, he has 
considered the problem of atom production by a hot 
filament. From analysis of the kinetic processes at the 
surface, adsorption, diffusion, and evaporation, he has 
predicted that at relatively low pressures and tempera- 
tures (pxzy~10- mm, T>1600°K) the rate of forma- 
tion of atomic hydrogen is limited by impingement of 
molecular hydrogen on the surface and the pz, de- 
pendence of the rate of production of atomic hydrogen 
should change to a rate directly proportional to pres- 
sure. None of the previous experimental studies 
has determined values of the surface coverage for vary- 
ing temperatures and pressures, nor have rates of forma- 
tion of atomic hydrogen in terms of surface coverage 
been given. This is done in the present work, which 
differs from earlier work in determining the rate of 
formation of atomic hydrogen in a constant flow system 
under steady state conditions, rather than measuring 
the rate of removal of hydrogen, by atomization and 
trapping of the free radicals, in a system containing a 
fixed amount of hydrogen. 

Experimental values of the rate of formation of 
atomic hydrogen for different values of temperature 
and pressure are shown in Figs. 7, 8, and 9. Fg, the 
pumping speed of the filament producing atomic hydro- 
gen, evaluated from Eq. (3), is directly proportional 
to pa, the minimum steady state pressure reached when 
the filament temperature is established and the glass 
bulb is cooled in liquid nitrogen. ~, has been corrected 
for thermal transpiration between gauge and filament.” 
Recombination of atomic hydrogen from the gas 
phase by glass at 77°K occurs at very low surface cover- 
ages of adsorbed hydrogen atoms.” Only ~1X10" 
atoms/cm? of glass bulb could be deposited before 
recombination became detectable; about half as much 
atomic hydrogen could be deposited on glass at room 
temperature before recombination was significant. If 
the glass sample bulb were not baked before every 
measurement, values of Fg were obtained that were 


%8 T. Ivanoiskaya and I. Mochan, J. Phys. Chem. U.S.S.R. 22, 
439 (1948). 


linear in fa, but they were about half the values found 
if the bulb were properly baked. 

When a tungsten filament is maintained at a tempera- 
ture T>1100°K, in a pressure of molecular hydrogen, 
p-mm, the surface concentration of hydrogen, m(mole- 
cules/cm?), will be determined by the balance between 
adsorption from the gas phase, evaporation of molecular 
hydrogen, and evaporation of atomic hydrogen. Adsorp- 
tion of atomic hydrogen is neglected since it is assumed 
that all atomic hydrogen is trapped or recombined by 
the walls. Evaporation of hydrogen atoms is propor- 
tional to the surface concentration while evaporation 
of molecular hydrogen is proportional to n’, 


dn/di=pe2ps—kan—ken® molecules/cm?-sec, (10) 


where the rate of atomization is kg =v,exp(—AH,/ RT) 
and k,=v,exp(—AH2/RT) may be determined from 
desorption kinetics. The rate of adsorption, pep-s, 
depends on filament temperature and gas temperature. 
To evaluate s, the fraction of molecules striking the 
surface that are adsorbed, one determines Fy, for 
temperatures at which the impingment of molecular 
hydrogen limits the rate of formation of atomic hydro- 
gen. When Fz is corrected for cooling by the leads, 
F,’ is the rate of formation of atomic hydrogen per unit 
area, Fy’=Fy/a., and s=(1/pea.)dFx/dp.. Figure 9 
shows that s=0.05 for T= 1460°K and for T=1975°K. 
Thus, s is constant over a 500° temperature range in 
which atomic hydrogen formation is limited by imping- 
ment of molecular hydrogen on the incandescent 
tungsten filament. Evaluation of s for adsorption at 
77°K, from Fig. 9, gives s=(1/psays)dF x/dp.=0.07. 
Although the value for s derived in a later section from 
flash filament measurements, s=0.1, is somewhat higher 
than the value derived from measurements of pressure 
decrease due to pumping by the filament, there is no 
significant change in s over a temperature range from 
77° to 2000°K. The fraction of the hydrogen molecules 
striking the surface that are chemisorbed by a filament 
at 77°K is nearly the same as the fraction of hydrogen 
molecules striking an incandescent filament that are 
dissociated, when the filament is hot enough that 
molecular impingment limits the formation of atomic 
hydrogen. Fy is derived from Eq. (3) under the assump- 
tion that ao, the fraction of atomic hydrogen produced 
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Fic. 10. Temperature dependence of the rate constant for the 
formation of atomic hydrogen by an incandescent tungsten 
filament. 


by the filament that is trapped by the glass, is unity. 
Determination of s for an incandescent filament shows 
that the very lowest a» could be is 0.05. The exact value 
of ap is unknown, but the internal consistency of the 
experimental data and the excellent agreement with 
other work makes it improbable that the value differs 
significantly from unity. 
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Fic. 11. Dependence of the surface concentration of hydrogen 
chemisorbed on tungsten on filament temperature and hydrogen 
pressure. Gas temperature, 298°K. 


Fy is obtained under steady state conditions, dn/di= 


0. By correcting for the temperature distribution along 
the filament, 


‘x’ =k,n (molecules/cm?-sec) (11) 


and 


n=([(uep-s— Fy’) /ke]}! molecules/cm?, (12) 


where 


ko= vz exp(—AH2/RT) =(5X10-) exp(—31 000/RT) 


is derived from experimental measurements of desorp- 
tion kinetics. Knowing m, one can solve for k, in Eq. 
(11). Table II shows the calculation of m and ky, 
from the smoothed data for different filament tempera- 


10% 


Vg ( MOLECULES / cm? -sec) 





& 





Fic. 12. Dependence of the rate of formation of atomic hydro- 
gen on tungsten filament temperature and hydrogen pressure. 
Gas temperature, 298°K. 


tures using s=0.05. Figure 10 shows that AH,=67 
kcal/mole and k,=(2.2X10") exp(—67 000/RT) 
sec, From Eq. 10 the general steady state expression 
for n is obtained, 


n=[—kat+(ka2+4usp-s)*]/ke molecules/cm?. (13) 


Figure 11 plots for different values of p, and T using 
s=0.05 and experimental values of k, and ke, while 
Fig. 12 shows the rate of formation of atomic hydrogen 
as a function of pressure and filament temperature. 
The dotted lines in Fig. 12 show the values of Brennan 
and Fletcher® for 1200°K and 1400°K. Agreement is 
within a factor of two, which is very good in view of the 
large temperature dependence of the reaction and the 
comparison of measurements made at pressures of 10-* 
mm to results obtained at 10“*—10-? mm. 
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Combining data on rates of evaporation of molecular 
and atomic hydrogen from tungsten, a reasonable pic- 
ture of evaporation processes at low coverage emerges.' 
For n<30X10" molecules/cm? and T greater than 
600°K hydrogen adatoms are freely mobile over the 
surface,’ approximating an ideal two dimensional gas; 
desorption of molecular hydrogen involves the collision 
of two atoms with an energy greater than 31 kcal/mole. 
As the filament temperature is raised to 1100°K, the 
surface concentration drops, adatoms have to diffuse 
further over the surface before recombining, and the 
probablity of evaporation of hydrogen atoms increases 
correspondingly. Equality of the two rates occurs at 
higher pressures for higher temperatures as shown in 
Fig. 13 in which the ratio of vy, the rate of molecular 
evaporation, to v,, the rate of evaporation of atomic 
hydrogen, is plotted for different temperatures and 
pressures of molecular hydrogen. Here, likewise, a 
change from a dependence on pz,} to a linear pressure 
dependence is observed when vy/v,~0.1, reflecting the 
dependence of m and v, on pressure; evaporation of 
atomic hydrogen only occurs from a dilute surface 
film. Consistent values of the tungsten-hydrogen bond 
energy are obtained from the two rate measurements. 
For AH,=67 kcal/mole and AH,=31 kcal/mole, the 
value of the heat of dissociation of molecular hydrogen, 
D, is D=2AH,—AH,=103 kcal/mole, in excellent 
agreement with accepted values.” 


From considerations of detailed balancing, Ehrlich 
has shown! that K,, the equilibrium constant for the 
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Fic. 13. Dependence of the ratio of the rate of evaporation of 
chemisorbed hydrogen as molecules to the rate of evaporation of 
chemisorbed hydrogen as atoms on filament temperature and 
hydrogen pressure. Gas temperature, 298°K. 


2° A. B. Gaydon, Dissociation Energies (Chapman and Hall, 


Ltd., London, England, 1953), p. 225. 
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Taste III. Calculation of equilibrium constants from kinetic data. 





Temp(°K) K,(atm) K,’‘(atm) 4 





1200 3.87X10-“ 


1.22X10-2 


3.04X10-" 
5.08X10-% 
2.42X10™ =1.16X10-™ 
3.08X10-" 1.49X10-” 
2.94X10* 1.4910 





dissociation of hydrogen in terms of partial pressures 
of atomic and molecular hydrogen, Ky= p:?/p2, can be 
expressed as 


K y= (v47/v2) (wmmkT)*(m2/n4) exp(—D/RT), (14) 


where the activation energy for adsorption has been 
placed equal to zero, m is the mass of the hydrogen 
atom, 7 is the equilibrium molecular sticking proba- 
bility and 4 is the equilibrium sticking probability 
for atomic hydrogen. Table III shows accepted values 
of K,” and values of the equilibrium constant calculated 
from experimental data, K,’, assuming 2/n.2=1. No 
experimental values for 42 or 94 have been reported 
though by analogy with the adsorption of cesium on 
tungsten, a value of y4=1 might be expected. If a 
value of 72=s=0.05 is used, derived from experimental 
data, values of 4 that are needed to bring K, and K,’ 
into agreement are given in the last column of Table ITI. 
Experimental uncertainties in evaluating Fy and de- 
parture from equilibrium conditions mean that the 
numerical values of 4 are of no great significance. 
They suggest, however, that 7, may be less than unity 
and independent of temperature, just as s is found to be 
independent of temperature between 1475° and 2000°K. 


Isotherms and the Kinetics of Adsorption 


From changes in the work function when hydrogen is 
absorbed on tungsten, Mignolet® has deduced that two 
distinct states of binding exist. The primary chemi- 
sorbed layer increases the work function of tungsten, 
but at pressures of ~10~ mm and higher and tempera- 
tures below 200°K he observed a decrease of work 
function as the metal saturated, which he attributed to 
adsorption of molecular hydrogen on top of the primary 
chemisorbed layer. Similar phenomena have been ob- 
served in the field emission microscope,’** but no quan- 
titative measurements of the population of this weaker 
state of binding have been reported. Figure 14 shows the 
desorption of hydrogen from tungsten when adsorption 
has been carried out with both gas and filament at 
77°K. The pressure in the system is plotted against the 
time after the filament is flashed for different initial 
coverages, the heating current being cut off by a timer 
before the filament temperature goes over 1100°K 
and atomic hydrogen is produced. Two distinct states 


DP. R. Stull and G. C. Sinke, Thermodynamic Properties of the 
Elements (American Chemical Society, Washington, 1956), p. 104. 
31E. W. Miiller, Ergeb. exakt. Naturw. 27, 290 (1953). 
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_ Fic. 14. Desorption of hydrogen from tungsten after adsorp- 
tion at 77°K. Note two states of binding. Oscilloscope sweep, 
0.1 sec/cm. 


of binding, a and 6 can be distinguished. Figure 15 
shows the change in each state with time of adsorption 
as well as the rate of change of impingment of molecular 
hydrogen. The low temperature state of binding evap- 
orates as molecular hydrogen, and is not due to con- 
tamination as the second, high temperature state of 
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Fic. 15. Adsorption of hydrogen on tungsten at 77°K. ne, 
mg=number of molecules/cm? adsorbed in state a and B respec- 
tively. u2/2=number of molecules striking unit filament area per 
minute. 


binding previously’-” reported was. The rate of forma- 
tion of the @ state is similar to that observed for the a 
state of CO on tungsten®; a small amount is observed 
while mg is still increasing but the greatest increase in mq 
occurs when occupation of the 8 state is nearly complete 
and the pressure in the system rises. Both a and 8 
states are observed at an adsorption temperature of 
87°K (liquid argon) but at 194°K none of the a state 
can be observed for pressures up to 2X 10-° mm though 
Mignolet’s’ work indicates some of the a state may 
be present at p,5¢10-* mm and 200°K. The sticking 
probability for molecular hydrogen on tungsten at 
77°K, evaluated from Fig. 15, is s=0.1 for mg<275 X10" 
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Fic. 16. Isotherms for the adsorption of hydrogen by tungsten. 
@ = Natng at 77°K; O=ng at 77°K. 


molecules/cm? while at 194°K s is constant and equal to 
0.1 up to a coverage of mg=225X10" molecules/cm.? 
The value derived in the previous section from pressure 
decrease measurements, s=0.07, is less accurately de- 
termined but in good agreement. The only other value 
of s for hydrogen on tungsten, s=0.2 at 300°K, re- 
ported by Eisinger," is of uncertain accuracy since the 
ionization gauge with a tungsten electron source, used 
to measure pressures, also produced an unknown 
amount of contamination. Although no accurate meas- 
urements of s have been made at higher adsorption 
temperatures because of difficulties in measuring the 
very low adsorption pressures, it appears that s at 
300°K is also about 0.08—0.1. 


#T. W. Hickmott and G. Ehrlich, J. Chem. Phys. 24, 1263 
(1956). 
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Trapnell* has determined isotherms for the adsorp- 
tion of hydrogen on evaporated tungsten films for 
temperatures from 77°K to 273°K and pressures from 
1077 to 10? mm. Saturation occurred around 5X10 
mm, with an isosteric heat of adsorption dropping to 
~2 kcal/mole at @=1, the coverage at 10 mm and 
77°K. However, this is the temperature range in which 
two states of binding may be present; the low heats are 
characteristic of the evaporation of the a state rather 
than of the 8 state of adsorbed hydrogen. Isotherms 
above 273°K can give isosteric heats for the 8 state of 
hydrogen. 

Examination of the pressure-temperature curves in 
Fig. 1 shows that, at saturation, evaporation of hydro- 
gen from tungsten begins as soon as the filament temper- 
ature is increased above the adsorption temperature.” 
Figure 16 shows isotherms for the chemisorption of 
hydrogen on tungsten at temperatures between 273° 
and 373°K, as well as for 77° and 194°K, plotted as a 
Temkin isotherm, nm against log pz,. Within experi- 
mental error, which is estimated at about +3%, the 
isotherms are reversible; equilibrium is established 
within seconds and identical coverages are obtained if 
equilibrium is approached from either higher or lower 
pressures. Values of the saturation coverage are par- 
ticularly sensitive to small amounts of contamination 
that block sites for adsorption. Flashing the filament 
briefly to 2000°K before every measurement, with the 
ground glass port open, and use of a low electron 
current (5X10-* amp) were essential in obtaining 
reproducible results. 

For temperatures above 194°, none of the a state of 
hydrogen is detected and the isotherms therefore give 
ng at different pressures. The isotherm at 77°K, how- 
ever, shows the total amount adsorbed, +g, against 
logpx,, while [0] indicates the population of mg alone 
at 77°K. The total amount adsorbed in the @ state is 
not significantly changed as the temperature is de- 
creased from 194° to 77°K. Even the dependence of mg 
on pressure is nearly the same at the two temperatures, 
and the greater total adsorption at 77°K reflects the 
populating of the a state. . increases with pressure at 
equilibrium just as mg does; Ang~21X10" molecules/ 
cm? as #2 increases from 10-7 to 10 mm while Angs~ 
31X10" molecules/cm? for the same pressure change. 
Comparison with Trapnell’s‘ isotherms is possible at 
77°, 194°, and 273°K. Table IV compares A/Ap, 
where A is the amount adsorbed for the given tempera- 
ture and pressure and Ap is the amount adsorbed at 
273°K and 10-7 mm, with 2/mes, where n is the equilib- 
rium concentration of hydrogen at the given tempera- 
ture and pressure and #273= 488 10" molecules/cm? is 
the surface coverage for T=273°K and 1077 mm. In 
general the values agree well at 10-7 mm. However, 
n/nezs at 10-§ mm is nearly equal to A/Ao at 10 mm; 
the slope of »/mzs against logp is much greater than the 
slope of A/Apo against logp. Two possible explanations 
for the discrepancy are failure to reach equilibrium dur- 
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TaBLe IV. Comparison of isotherms with data of Trapnell.* 





A/Ao 
—78°C —183°C 


n/nazs 


p(mm) 0°Cc o°cC §=—78°C —183°C 





1.31 
1.32 

1.34 ; : A 
1. : ; 1.47 
1 

1 


1.29 


37 
.39 





® See reference 4. 


ing the measurements on highly porous evaporated films 
or a possibility that the method of preparation of the 
tungsten films introduced an unknown amount of con- 
tamination which blocked some of the adsorption sites.” 
When hydrogen is adsorbed on evaporated tungsten 
films, a very rapid uptake of gas is followed by a slow up- 
take that may take several hours to equilibrate and has 
been attributed to adsorption of hydrogen into the metal 
structure.* Work with filaments shows that adsorption 
is reversible and that equilibrium of gas and metal is 
rapidly established. The large surface area of evaporated 
tungsten films may require a longer time to reach 
equilibrium with the gas phase than was allowed in 
Trapnell’s experiments. Alternatively, examination 
of pressure changes when tungsten films are prepared 
as Trapnell’s were, has shown that they are deposited 
with a significant amount of contamination. Both 
difficulties, establishment of equilibrium or surface 
contamination, are avoided by working with filaments 
of small area that can be easily cleaned before every 
measurement. 

To test obedience to the Temkin®*-*-* isotherm, the 
surface coverage, m, must be proportional to logpz, 
and the resultant slope must be proportional to tempera- 
ture. Both criteria are obeyed by the experimental data 
between 0° and 100°C; the isotherms may be expressed 
as 


n=n,+c logp=352X10"+ { (101 10") /[7(°K) ]} 
(15) 


The intercept of Eq. (15), #;, is inversely proportional 
to temperature. Although it is not certain that adher- 
ence to the Temkin isotherm is of fundamental signi- 
ficance since the adsorption data can also be plotted as 
Freundlich isotherms,‘ it provides a convenient means 
of extrapolating the measurements to low coverages in 
order to obtain isosteric heats as a function of surface 
coverage. Figure 17 plots AH,, the heat of adsorption 
derived from the Clausius-Clapeyron equation, as a 
function of m, the number of molecules of hydrogen/ 


+clogp molecules/cm’. 


33M. I. Temkin, J. Phys. Chem. U.S.S.R. 15, 296 (1941). 
u a Love, and Keenan, J. Am. Chem. Soc. 64, 751 
1942). 

%B. M. W. Trapnell, Chemisorption (Butterworths Scientific 
Publications, Ltd., London, 1955), p. 124. 
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Fic. 17. The heat of adsorption of hydrogen on tungsten at 
different coverages. Solid line, isosteric heats. Solid points, de- 
sorption heats. 


cm’. In general, the variation of heat is linear in cover- 
age. The value of AH, at 20X10" molecules/cm? in- 
volve extrapolations over a pressure range of ~14 
decades. In spite of this, AH,=28 kcal/mole at low 
coverages, is in excellent agreement with AH,=31 
kcal/mole found from desorption measurements at 
low coverages. Experimental values of desorption heats 
are also shown in Fig. 17. For n»>30X10" molecules/ 
cm?, the requirements on the use of Eq. (8) to analyze 
desorption data are not accurately obeyed; the heat is 
determined as in Fig. 5 at these coverages. The agree- 
ment between isosteric and desorption heats is excellent 
although the former involve extreme extrapolation of 
the experimental isotherms while the latter do not 
satisfy the requirements of Eq. 8. The value of AH,, 15 
kcal/mole at n=600X10" molecules/cm?, agrees with 
heats derived from calorimetric measurements of 
Roberts? and Beeck® and with isotherms of Trapnell,* 
while the total coverages of hydrogen are in good agree- 
ment with Roberts” values and correspond to roughly 
one hydrogen atom per surface tungsten atom. The 
value of heat at low coverage, AH2=31 kcal/mole, is 
lower than the 45 kcal/mole found by Beeck and the 38 
kcal/mole reported by Roberts. Gomer’ has reported a 
heat of evaporation of 64 kcal/mole at low coverages, 
but this is incompatible with his observation that 
evaporation is complete in a few seconds at 600°K. 
This difference may simply reflect differences in the 
distribution of binding sites over the surface, com- 
parable to differences found for the heats of binding of 
nitrogen on different samples of tungsten.” Values as 
disparate as 59 kcal/mole and 83 kcal/mole have been 
found for heats of desorption of nitrogen from 0.010 
in. filaments off the same spool of wire, Beeck*® reported 
a heat of adsorption of 95 kcal/mole for nitrogen on 
tungsten films, and Kisliuk®* has reported values of 
115 kcal/mole and 92 kcal/mole for isosteric and 
calorimetric measurements, respectively. A decrease 


3° P. Kisliuk, J. Chem. Phys. 30, 174 (1959); Bull. Am. Phys. 
Soc. Ser. IT, 4, 328 (1959). 


in heat at coverages, »>30X10" molecules/cm?, 
shows that the surface is energetically heterogeneous. 

Two principal mechanisms have been proposed for 
the H,—D, exchange reaction and the ortho-para 
hydrogen conversion on tungsten. The Bonhoeffer- 
Farkas*” mechanism requires that reaction take place 
between atoms chemisorbed on the surface, while the 
Rideal® mechanism postulates that a hydrogen molecule 
in a second layer, bound by van der Waals forces, can 
exchange hydrogen with adatoms in the primary chemi- 
sorbed film. The present work indicates that both mech- 
anisms may be operative.’ The Bonhoeffer-Farkas 
mechanism was originally questioned because Roberts’ 
work appeared to indicate that chemisorbed hydrogen 
did not evaporate below 400°K, yet reaction occurred 
at 77°K. The isotherms in Fig. 17 show that evaporation 
of hydrogen from the primary chemisorbed layer occurs 
from 373°K down to 77°K provided the surface is satu- 
rated at the pressure of hydrogen used. The Bonhoeffer- 
Farkas mechanism would be operative over the entire 
temperature range but would be most important above 
200°K. However, at temperatures below 200°K, a 
second state of binding is present whose population 
increases with increased hydrogen pressure, and both 
mechanisms for reaction may be operative. Detailed 
examination of the reaction would be necessary to 
assess the relative importance of each mechanism in 
this temperature range. 


SUMMARY 


When hydrogen chemisorbs on tungsten at 77°K, two 
distinct states of binding may be isolated at adsorption 
pressures as low as 2.5X10-* mm. The most tightly 
bound state, 8, is adsorbed as atoms with a sticking 
probability of 0.1 at 77°K; analysis of desorption 
kinetics at very low coverages (1s<30X 10" molecules/ 
cm?) shows evaporation is second order in the concen- 
tration of adsorbed hydrogen. At temperatures above 
600°K, adatoms are freely mobile over the surface, 
approximating an ideal two dimensional gas, and the 
rate of evaporation of molecular hydrogen is v¥= 
(5X 10-*) n? exp(—31000/RT) molecules/cm?-sec. As 
the surface coverage increases above mg=30X10" 
molecules/cm?* a decrease in the heat of adsorption is 
observed which is due to heterogeneity of the surface. 
Evaporation of molecular hydrogen occurs at succes- 
sively lower temperatures until, at saturation, evapora- 
tion occurs at the adsorption temperature. At equilib- 
rium, the amount adsorbed in the # state obeys a 
Temkin isotherm, n=n,;+c logpz, over a temperature 
range of 273° to 373°K. For n=600X10" molecules/ 
cm?, an isosteric heat of 15 kcal/mole is found. For T= 
77°K and 194°K, ng is also proportional to the logarithm 


7K. F. Bonhoeffer and A. Farkas, Z. physik. Chem. (Leipzig) 
B12, 231 (1931). 

38 E. K. Rideal, Proc. Cambridge Phil. Soc. 35, 130 (1939). 

%® Couper, Eley, Hulatt, and Rossington, Bull. soc. chim 
Belges 67, 343 (1958). 
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of the pressure but the total amount adsorbed in the B 
state does not increase with a decrease in temperature. 
The increase in total amount adsorbed at 77°K is due 
to population of the a state which, at equilibrium at 
77°K, amounts to 8-10% of the total adsorbed hydro- 
gen, for equilibrium pressures between 10~’ and 10% 
mm. The @ state begins to be populated before the 8 
state is saturated and is proportional to hydrogen pres- 
sure. It probably consists of molecular hydrogen bound 
on top of the primary atomically chemisorbed layer.’ 
If the filament temperature is raised above 1100°K, 
atomic hydrogen is formed from molecular hydrogen. 
The rate of evaporation of atomic hydrogen is 14= 
(2.2X10") » exp(—67 000/RT) molecules/cm?-sec. 
For pressures below 10~? mm and filament temperatures 
above 1475°K, the fraction of molecules striking the 
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surface that is dissociated by the filament, s, is constant 
and at least 0.05. By using s=0.05 and the experimental 
value of the rate of evaporation of molecular hydrogen, 
n has been calculated as a function of temperature and 
pressure, and values of v, are calculated in good agree- 
ment with values of Brennan and Fletcher.® Calculation 
from kinetic measurements of the equilibrium constant 
for the dissociation of hydrogen indicates that the 
sticking probability for atomic hydrogen on tungsten 
above 1200°K may be less than unity and nearly in- 
dependent of temperature. 
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The molecular structure of gaseous isobutylene has been investigated by the sector-microphotometer 
method of electron diffraction. The major internuclear distances found, in terms of center of gravity param- 
eters, r,, were C—H (methyl) = 1.113+-0.003 A (assumes ethylenic hydrogens have ethylene values), C==C = 
1.3314-0.003 A, C—C=1.505+0.003 A, and (C- - -C),,=2.498+-0.005 A. Angles were C—C—H (methyl) = 
110.4° and Me—C—Me~112°. Amplitudes of vibration were determined. 





INTRODUCTION 


T has been observed in many investigations! that a 
C—C single bond adjacent to a triple bond in an 
unconjugated molecule is substantially shorter than 
the normal single bond. Until recently, however, there 
was doubt as to whether a carbon-carbon single bond 
adjacent to a double bond exhibited an analogous 
shortening. Recent studies of propylene and isobutylene 
by McHugh and Schomaker using the electron diffrac- 
tion “visual” method,? and of propylene by Lide and 
Mann using microwave spectroscopy,’ have indicated 
that the C—C bond in these compounds is, after all, 
appreciably shorter than the distance customarily 
associated with saturated compounds. These studies 
did not agree closely with each other in the C=C dis- 
tance, however. Moreover, spectroscopic and diffrac- 
tion results for the C=C bond even in ethylene itself 
were in disagreement. It seemed appropriate as an aid 
in the resolution of structural uncertainties in this 
important class of compounds to reinvestigate the 
structure of several olefins by the sector-microphotom- 
eter method of electron diffraction. The results for 
ethylene were published recently,‘ and confirmed the 
earlier diffraction results. ; 

An additional structural feature of interest in iso- 
butylene is the smallness of the Me—C—Me angle 
indicated for it, and for the similar molecule tetra- 
methylethylene in an early electron diffraction study 
by Pauling and Brockway.’ The reported angle of 
111.5° little greater than the tetrahedral angle, was 


* Presented at the Fedorov Session on Crystallography, Lenin- 
grad, U.S.S.R., May 26, 1959. 
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esearch Fund administered by the American Chemical Society. 
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Bloomington, Indiana. 
( we Springall, and Palmer, J. Am. Chem. Soc. 61, 927 
1939). 
2J. P. McHugh and V. Schomaker, A Report for the Year 
1954-55 for the Division of Chemistry and Chemical Engineering, 
California Institute of Technology. 
$ ) R. Lide, Jr., and D. E. Mann, J. Chem. Phys. 27, 868 
1957). 
‘L. S. Bartell and R. A. Bonham, J. Chem. Phys. 27, 1414 
(1957); 31, 400 (1959). 
5 L. Pauling and L. O. Brockway, J. Am. Chem. Soc. 59, 1223 
(1937). 


consistent with Pauling’s theoretical conceptions of the 
time, but smaller than the angle popularly associated 
with olefinic sp? hybrid bonds today. 

According to the present results, the smallness of the 
angle and shortness of the C—C bond are real but sev- 
eral lines of evidence suggest that the factors responsible 
may be different from those previously proposed. 


PROCEDURE 


A sample of cp isobutylene was used as obtained 
from the Matheson Company. Electron diffraction 
patterns were taken with an 7° sector and treated as 
previously described.*.” The index of resolution was 0.93 
for patterns recorded at the 10-cm camera distance 
and 0.77 for those recorded at 25-cm camera distance. 

A procedure described fully elsewhere® was used for 
processing and analyzing data with the IBM 650 
computer. Included in the analysis were corrections for 
specimen delocalization,’ non-nuclear scattering, and 
Fourier integral termination errors. The asymmetry 
of vibrations of bonded pairs of atoms was taken into 
consideration in locating the centers of gravity of the 
internuclear distribution peaks. Corrections for the 
failure of the Born Approximation were applied to the 
amplitudes of vibration using the phase shifts of 
Hoerni and Ibers.” The value of 6 used in the radial 
distribution damping function was 0.00211. 

Final parameters were deduced by fitting the experi- 
mental radial distribution function with Gaussian peaks 
by the method of steepest ascents.§ Root-mean-square 
deviations between experimental and calculated curves 
were 0.44% and 0.93% of the maximum value of the 
principal C—C peak in the intervals 0.9A to 1.675 A and 
2.0A to 2.8A respectively. Internuclear distances re- 
ported in Table I are center of gravity parameters, r,." 
Standard errors were calculated as described else- 


6L. O. Brockway and L. S. Bartell, Rev. Sci. Instr. 25, 569 
(1954). 

7L. S. Bartell and L. O. Brockway, J. Appl. Phys. 24, 656 
(1953). 

8R. A. Bonham and L. S. Bartell, J. Chem. Phys. 31, 702 
(1959). 

9L. S. Bartell, J. Appl. Phys., 32, 252 (1960). 

10 J. A. Ibers and J. A. Hoerni, Acta Cryst. 7, 405 (1954). 

11 The term r, corresponds to the term 7,(0) of L. S. Bartell, 
J. Chem. Phys. 23, 1219 (1955). 
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where.®:? Standard errors quoted for bond angles corre- 
spond solely to the uncertainties in the r, values from 
which they were calculated and not to possible inter- 
pretational uncertainties arising from the operational 
definition of the angle. 


RESULTS 


The experimental intensity function is compared in 
Fig. 1 with the intensity function calculated for the 
final model. The experimental radial distribution curve 
is shown in Fig. 2. The principal skeletal parameters of 
the molecule, deduced assuming Cz» symmetry, are 
listed in Table I. The resolving power of electron 
diffraction is insufficient to distinguish between the two 
ethylenic hydrogens and the six methyl hydrogens. 
In the analysis, it was assumed that the ethylenic 
hydrogen parameters were the same as in ethylene,‘ 
and the parameters of the principal hydrogen atoms, 
the methyl hydrogens, were determined accordingly. 


TaBLE I. Isobutylene parameters derived from radial distribu- 
tion function and associated standard errors. Distances are in 
angstrom units. 








Ue] o,(r)* 9Tot (r) p> OTot (l) 





C—Hm.° 1.113 
C=C 1.331 
C—C 1.505 
C---He® 2.161 
(C-++C) ty 2.498 


ZMe—C—Me2112° 


0.0019 0.003 
0.0014 0.003 
0.0010 0.003 
0.010 0.011 0.101 
0.002 0.005 0.078 


£C—C—Hm.*= 110.4°+0.8° 


0.079 
0.048 
0.059 





® Effect of random intensity errors. 
> Root-mean-square amplitudes of vibration. 
© Assumes ethylenic H atoms have ethylene parameters. 


The root-mean-square amplitudes of vibration, /, 
are of plausible magnitude. The C—H result agrees 
excellently with the value of 0.078 A calculated from 
force constant data by Kuchitsu™ for n-butane. The 
C=C and C—C experimental amplitudes are apprecia- 
bly greater than the values 0.042 A and 0.050 A cal- 
culated for ethylene and n-butane respectively.4-“ 
Since there is no readily apparent reason for abnormally 
high carbon-carbon amplitudes in isobutylene, it is not 
unreasonable to regard the experimental amplitudes 
with suspicion. The amplitude of the nonbonded C-+-C 
composite peak is exactly the same as that observed in 
the n-hydrocarbons butane through heptane.” 

The C—H and C=C bond lengths agree very closely 
with values found for related molecules listed in Table 
II, except for propylene as determined by microwave 
spectroscopy by Lide and Mann. For the latter deter- 
mination, the abnormally long C=C bond may be 


a A. Bonham and L. S. Bartell, J. Am. Chem. Soc. 81, 3491 
1959). 
13K. Kuchitsu, Bull. Chem. Soc. Japan 32, 748 (1959). 
4K. Kuchitsu (private communication). 
oo Bartell, and Kohl, J. Am. Chem. Soc. 81, 4765 
959). 
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Fic. 1. Reduced intensity curves for isobutylene. The solid 
lines represent the total scattering function, M(gq), and the 
dashed line represents the nuclear scattering function, M.(q). 
The calculated curve has been multiplied by the experimental 
index of resolution. 


associated with the somewhat doubtful hydrogen posi- 
tions assumed in the analysis. The C—C bond in iso- 
butylene is distinctly shorter than the bonds in n- 
alkanes, but in agreement with other values for single 
bonds adjacent to just one double bond. 

The accuracy of the determination of the Me—C— 
Me angle was limited by the unfavorable geometry of 
the molecule. The three nonbonded C---C distances, 
which determine the angle, appear to be identical to 
within experimental error if the bending amplitudes are 
considered to be normal. The possibility cannot be 
excluded from diffraction data alone, however, that the 
bending amplitudes are smaller than usual, and the 
nonbonded distances are several hundredths of an 
angstrom unit different from one another. A change in 
the Me—C—Me angle of 2° has the same effect on the 
intensity function as a change of 0.005 A in the ampli- 
tude of the C--+-C vibrations. Equal C---C distances 
correspond to a Me—C—Me angle of 112.2°. It is 
probable that the actual angle does not differ from this 
value by more than 3° or 4°. 





' ¥ , 

















Fic. 2. Experimental radial distribution function for iso- 
butylene. 
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TABLE II. Comparison of isobutylene with other molecules 








Molecule Method* C—Hme 


C=C Cc—C Z£C—C—C 





isobutylene E> 
Ese 


n-alkanes E4@ 


ethylene Ee 
If 
Re 
Mb 
Es 
cyclooctatetraene E! 


propylene 


1.11320.003 


1.114+0.005 


1.33140.003 1.5054%0.003 112° 
1.33 1.50 113° 


1.533%0.002 112.4° 


1.33320.002 
1.337+0.003 
1.339+0.002 


1.353 
1.33 


1.334+0.003 


1.488 
1.49 


1.462+0.003 





® E=electron diffraction; I=infrared; R=Raman; M=microwave. 
b This investigation. 
© Reference 2. 


4 Reference 15, average of #-butane, #-pentane, n-hexane, and n-heptane. 
* Reference 4. 


! H. C. Allen and E. K. Plyler, J. Am. Chem. Soc. 80, 2673 (1958). 


© J. M. Dowling and B. P. Stoicheff, Can. J. Phys. 37, 703 (1959). 
» Reference 3. 


i Bastiansen, Hedberg, and Hedberg, J. Chem. Phys. 27, 1311 (1957). 


The C—C—H angle agrees to within experimental 
error with the analogous angle in the -hydrocarbons 
butane through heptane. The diffraction data were 
examined for possible information on the configuration 
and amplitude of libration of the methyl groups. Unlike 
the recently reported case of trimethylphosphine in 
which the disposition of the methyl groups was clearly 
indicated, the present data were too insensitive for a 
definitive analysis. It seems likely, however, that the 
methyl configurations are staggered entirely analog- 
ously to those in trimethylphosphine or propane, if 
for the sake of a reference model, the double bond is 
envisioned as a pair of tetrahedral, bent bonds. 

Particularly interesting among the results of the 
structure determination are the shortness of the tri- 


LL. S. Bartell and L. O. Brockway, J. Chem. Phys. 32, 512 
(1960). 


gonal C—C single bonds as compared with tetrahedral 
bonds, and the smallness of the Me—C—Me angle. 
It is apparent that the trend in each case is in a direc- 
tion, which could be explained by effects of nonbonded 
intramolecular repulsions as well as effects of hybridi- 
zation and hyperconjugation. To what extent these 
concepts, and intramolecular van der Waals forces in 
particular, are capable of correlating structural informa- 
tion is discussed in the following paper. 


ACKNOWLEDGMENTS 


We are greatly indebted to Professor L. O. Brockway 
and the University of Michigan for making available 
the electron diffraction apparatus for this investigation. 
We also wish to thank Mr. D. Kohl! for assistance in 
computations. The programming and executing of 
electronic digital computations were greatly facilitated 
by a grant from the National Science Foundation. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 32, NUMBER 3 MARCH, 1960 


On the Effects of Intramolecular van der Waals Forces*t 


L. S. BARTELL 
Department of Chemistry, Iowa State University, Ames, Iowa 
(Received October 15, 1959) 


Evidence for the existence of strong nonbonded repulsions between atoms bonded to a given atom is 
cited. It is observed that bond angles in ethylene derivatives and related molecules can be correlated with a 
simple “hard sphere” model in which atomic positions are presumed to be governed by the sizes of spherical 
atoms packed around a given atom. Estimations of the magnitudes of the nonbonded interactions are 
presented. These indicate that the shortening of carbon-carbon single bonds in unsaturated hydrocar- 
bons may be principally attributable to the relaxation of nonbonded repulsions across digonal or trigonal 
bonds as compared with tetrahedral bonds. It is suggested that intramolecular van der Waals forces may 
be even more important than effects of hybridization and conjugation or hyperconjugation in governing 
bond angles, bond distances, energies of isomerization and hydrogenation, and bending vibrations of mole- 


cules. 





INTRODUCTION 


HE important thermochemical effects of the attrac- 

tive dispersion force components of intramolecular 
van der Waals forces have recently been pointed out 
by Pitzer ef al.' The effects of repulsive intramolecular 
interactions have been explored in only the most 
rudimentary way, however. With the observation that 
several structural features of isobutylene, described in 
the preceding paper,? could be explained directly by 
effects of intramolecular van der Waals forces rather 
than the more specialized forces usually invoked, an 
examination of the structural and thermochemical 
consequences of intramolecular van der Waals forces 
was initiated. No accurate treatments are yet available 
for the description of such forces, but plausible func- 
tions could be constructed from the results of various 
published studies. Some of the more important implica- 
tions of calculations based on these preliminary func- 
tions are presented below. 


DISCUSSION 


Structural Correlations 


A striking structural feature of isobutylene is the 
apparent equilateral triangle formed by the three outer 
carbon atoms. This occurence suggests a simple steric 
model in which bond angles are considered to be 
governed principally by the sizes of atoms bonded to a 
given atom. In isobutylene, then, for simplicity, the 
difference between the methyl and ethylenic carbons is 
ignored and the C atom is assigned a radius, 1.25 A, 
which is just one-half of the nonbonded C-: - -C distance. 
In order to extend the model to substituted ethylenes a 
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set of atomic “radii” was determined by the following 
procedure. Radii of atoms X were taken as half the 
X---X distance in the compounds H,C=CXz, where 
X is C, H, F, or Cl. For comparison, some analogous 
carbonyl compounds were examined in which the 
oxygen radius was assigned with the above disregard 
for differences between =X and —X-, by taking half 
the O---O distance in formic acid. A radius for N was 
determined from urea. The radii for the atoms H, C, 
N, O, F, and Cl were 0.92 A, 1.25 A, 1.14 A, 1.13 A, 
1.08 A, and 1.44 A, respectively, with an uncertainty 
of perhaps 0.01 A. The success of this extremely crude 
model is quite astonishing. In the molecules listed in 
Table I the 3 atoms bonded to the central carbon atom 
just touch each other, to within the apparent experi- 
mental error, or, in the case of molecules like C2(CN)« 
with short bonds, overlap evenly. No relevant molecules 
with the above atoms for which reliable data were 
available were deliberately omitted from Table I. 
Acetone was not included because of irregularities in 
the various determinations published. An exhaustive 
search of the literature was not made. 

It seems significant that the radii listed above are 
within about two hundredths of an angstrom unit of 
of the analogous radii that would be appropriate for 
describing angles in substituted methanes. 

There can be little doubt that valence deformation 
forces also exist over and above the nonbonded interac- 
tions presently considered. A body of evidence is 
accumulating,** however, which shows that atomic 
orbitals do not faithfully follow angular displacements 
of attached groups in molecular vibrations, and that 
the bending of bonds, apart from nonbonded repul- 
sions, can be made with only a modest cost of energy. 
Accordingly, it is not unreasonable to neglect hybridiza- 
tion to the first approximation and expect that intra- 


asso” Linnett, and Wheatley, Trans. Faraday Soc. 46, 137 

950). 

as Ba Muller and D. E. Pritchard, J. Chem. Phys. 31, 1471 
SN. V. Cohan and C. A. Coulson, Trans. Faraday Soc. 52, 

1163 (1956); L. Burnelle and C. A. Coulson, ibid. 53, (1957). 
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TABLE I. Substituted ethylenes and carbonyl derivatives with bond angles compatible with the hard sphere model. 








H:CCH,> 
F:CCF;° 

cis-1,2 CzH2Cle4 
Cl,CO¢ 


CH;CFOs 
HOCO;- ¢ 


H2CC (CHs)2* 
H:CCHCH:;* 
H:CCHCIs 
HCOOH? 


CH;CHO».i 
NH,CHOs¢ 


H,CCF,* 
ChCCCI,4 
ér-1,2 C,H2Cl.4 
FyCO¢ 
CH;CC10¢ 


H,CCCh,4 
(CN):CC(CN),! 
C,H 

HCFOs,> 
(NH:2):CO¢ 








® See reference 2. 


> L. S. Bartell and R. A. Bonham, J. Chem. Phys. 27, 1414 (1957); 31, 400 (1959). 
© L. E. Sutton, Tables of Interatomic Distances and Configuration in Molecules and Ions (The Chemical Society, London, 1958). 


4 R. L. Livingston (private communication). 


© J. P. McHugh and V. Schomaker, A Report for the Y ear 1954-1955 for the Division of Chemistry and Chemical Engineering, California Institute of Technology; 


D. R. Lide, Jr., and D. E. Mann, J. Chem. Phys. 27, 868 (1957). 


! D. A. Bekoe and K. N. Trueblood, Abstracts of Milwaukee Meeting of American Crystallographic Association (1958). 


© Bastiansen, Hedberg, and Hedberg, J. Chem. Phys. 27, 1311 (1957). 


» R. Stratton and A. Nielsen, Abstracts of Honolulu Meeting of American Physical Society, 1959. 


i Kilb, Lin, and Wilson, J. Chem. Phys. 26, 1695 (1957). 


molecular repulsions will play a prominent role in the 
determination of bond angles. 

If the above “hard sphere” model has any virtue, 
a “soft sphere” model, employing London dispersion 
forces and nonbonded repulsive forces would presum- 
ably be even better. Unfortunately, no accurate poten- 
tial functions are available for nonbonded interactions. 
It is possible, nevertheless, as is discussed in the 
Appendix, to devise plausible functions for investigat- 
ing structural and thermochemical consequences of 
such interactions. For the purpose of the present com- 
parisons this was done only for CC, CH, and HH inter- 
actions. 

A preliminary examination of the soft sphere model 
makes it look as promising as the hard sphere model in 
correlating bond angles. A factor which renders the 
soft sphere model, for the present, little more fruitful 
in treating angles than the hard sphere model is as 
follows. It is the difference between large terms rather 
than the general magnitude of the terms that governs 
bond angles, according to the model, and these differ- 
ences are not yet accurately predictable from theory. 
An empirical adjusting of parameters has been post- 
poned, pending consideration of other effects discussed 
in the following. 

The most important generalization to be drawn about 
nonbonded repulsions between atoms bonded to a given 
carbon atom is not so much the difference between 
various atoms as the similarity. This similarity has 
obscured the effects of intramolecular interactions. The 
near invariance of bond angles and bond distances in a 
series of substituted ethylenes, or in a series of substi- 
tuted methanes suggests this approximate balance of 
terms. Thermochemical evidence seems to point to the 
same conclusion, at least for CC, CH, and HH interac- 
tions. Pitzer and Catalano! have shown that isomeriza- 
tion energies of paraffin hydrocarbons can be attributed 
principally to London dispersion contributions, (along 
with somewhat less important zero-point energy effects) 
in which nonbonded repulsions between atoms bonded 


to the same atom are ignored altogether. That these 
negative results are due to cancellations among large 
potentials (~ 3 kcal/mole per pair) rather than to 
repulsions which are negligible in the first place® is 
demonstrated by the informative analyses of vibrational 
spectra by Simanouti’ and by Linnett and Heath.* These 
analyses “indicate that repulsions between atoms 
bonded to a given central atom are entirely comparable 
to those anticipated for normal van der Waals repul- 
sions.® 

More amenable to treatment than effects depending 
upon differences between kinds of interactions are those 
depending upon differences in numbers of interactions 
due to changes in coordination number. For example, 
the C—C bond in isobutylene may be expected to be 
shorter than the C—C bond in isobutane or neopentane 
because there are three strong nonbonded repulsions 
acting on methyl carbons in the latter compounds 
compared with only two in the former. Similarly the 
C—H bond in ethylene or benzene should be shorter 


6 It has generally been assumed, as was put by L. Pauling, The 
Nature of the Chemical Bond (Cornell University Press, Ithaca, 
New York, 1939), p. 193, that atoms are “whittled down” on the 
side of covalent bonds, and accordingly do not exhibit strong re- 
pulsions of the kind invoked in the “agp: paper. It is reasonable 


to expect some “whittling” but the present evidence indicates 
that the “‘whittling” is much more gently contoured than has 
usually been assumed. 

7 T. Simanouti, J. Chem. Phys. 17, 245, 734, 848 (1949). 

8J. W. Linnett and D. F. Heath, J. Chem. Phys. 19, 801 
reek Trans. Faraday Soc. 44, 873, 878, 884 (1948); 45, 264 
1949). 

® It may be noted that the spectroscopic repulsive constants are 
somewhat irregular and that the values for H---H interactions 
are very low. R. S. Mulliken, however, cites evidence [R. S. Mulli- 
ken, J. Am. Chem. Soc. 72, 4493 (1950); 77, 887 (1955) ] that 
H---H interactions are of the same magnitude as the others 
studied in the present investigation. It is doubtless due in large 
measure to this significant repulsion of H atoms, ignored by 
Linnett and Heath, that the C—Cl bond in CH;Cl is prevented 
from being more than 0.1 A shorter than in CCh, as predicted by 
Linnett and Heath. That the bond in CH;C1 is actually 0.015 A 
longer than in CCl, [Bartell and Brockway, J. Chem. Phys. 23, 
1860 (1955)] is probably due to appreciable differences between 
the C—Cl bonds themselves, rather than to a greater repulsion 
by H than Cl. 





EFFECTS OF INTRAMOLECULAR VAN DER WAALS FORCES 


than that in, say, #-hexane. If Simanouti’s force con- 
stants’ for bond stretching are used with the potential 
functions in the Appendix, it is calculated that the 
C—C bond shortening in isobutylene due to relaxation 
of nonbonded interactions should be about 0.03) A. 
The C—H bond, according to the present crude po- 
tential functions, is more variable. In ethylene the 
magnitudes of repulsions are similar to those in 
methane, but less than those in longer n-alkanes by an 
amount corresponding to a shift in bond length of 0.02 
A. 

It is difficult to make reliable comparisons of experi- 
mental bond lengths both because of experimental un- 
certainties in most of the data reported and because of 
differences in operational definitions of bond lengths 
in different structural investigations. It is interesting, 
however, that the C—C bond length found for isobuty- 
lene in the present research is just 0.028 A shorter than 
that found for the n-alkanes butane through heptane 
in an earlier electron diffraction investigation using the 
same scheme of fanalysis.” The C—H bond lengths 
reported most often for ethylene—" and benzene! 
are about 1.084 A, whereas those for saturated hydro- 
carbons range from 1.090 A to 1.120 A. It is not clear 
at present how real the scatter is, owing partly to the 
complicating effects on structural analyses of the large 
amplitudes of vibration of hydrogen atoms. Neverthe- 
less, the experimental magnitudes of effects are suffi- 
ciently similar to the calculated effects of intramolecu- 
lar van der Waals forces to lend support to the present 
hypotheses. 

If the present model is extended to the C—C bonds 
in 1,3-butadiene and methyl acetylene, in which the 
repulsions are relaxed still further, shortenings of 
about 0.06 A are indicated. The experimental shorten- 
ings for the two molecules are 0.05 A‘ and 0.07 A,” 
respectively. The model predicts that the C=C bond 
in allene should be shorter than that in ethylene by 
nearly 0.03 A. This, again, is in agreement with experi- 
ment." The present model appears to offer a basis for 
explaining all of the major trends of bond lengths with 
coordination number summarized in Fig. 2 of a recent 
paper by Costain and Stoicheff® and in the equations 
of Bernstein for nonaromatic molecules.” 


woe Bartell, and Kohl, J. Am. Chem. Soc. 81, 4765 
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artell and R. A. Bonham, J. Chem. Phys. 27, 1414 
(1987); 31 31, 400 (1959). 
a wt . . Dowling and B. P. Stoicheff, Can. J. Phys. 37, 703 
9 


13H. C. Allen and E. K. Plyler, J. Am. Chem. Soc. 80, 2673 


(1958). 

14 A, Langseth and B. P. Stoicheff, Can. J. Phys. 34, 350 (1956). 

15 Almenningen, Bastiansen, and Fernhold, Norske Videnskaps- 
Akad. Skrifter NR3 (1958). 

16 Almennin springs Bastiansen, and Traetteberg, Acta Chem. 

Scand. 12, 1221 (1958). 

17L. Thomas, E. Sherrand, and J. Sheridan, Trans. Faraday 
Soc. 51, 619 (1955). 

8B. P. Stoicheff, Can. J. Phys. 33, 811 (1955). 

1 C. C. Costain and B. P. toicheff, J. Chem. Phys. 30, 777 
(1959); H. J. Bernstein, J. Phys. Chem. 63, 565 (1959). 
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Another example of intramolecular repulsions is the 
well-known difference in energy of about 0.8 kcal/mole 
between fvans and gauche rotational isomers of n- 
butane.” According to the present potential functions 
the principal contribution to the energy difference 
results from H- - -H interactions, as it can be seen that 
extensive cancellations occur in the C---H and C---C 
terms, each of which is appreciably smaller than the 
largest H---H term. Consequently, the experimental 
energy difference is not a sensitive test of the C---H 
and C---C potential functions. It is encouraging to 
find, as will be described elsewhere, that the present 
H- --H function leads to a result within a few hundred 
calories per mole of the experimental difference. 

The approximate equality of C---C, C---H, and 
H- - -H repulsions for atoms bonded to the same carbon 
atom no longer applies for atoms bonded to adjacent 
carbon atoms. This differentiation has been proposed”! 
to be one of the important factors contributing to the 
difference between the 1.544 A bond in diamond” and 
the 1.533 A bond in n-alkanes.” 

Additional evidence for intramolecular nonbonded 
repulsions of the magnitude invoked here is provided 
by the structure and heat of formation of cyclobutane.” 
The carbon atoms diagonally across the ring approach 
each other unusually closely. The long 1.57 A C—C 
bond and 3.4 kcal/CHz mole excess energy of the 
molecule over that expected on the basis of valence 
deformation and torsional contributions, were correlated 
by Dunitz and Schomaker* in terms of the C---C 
repulsions. If the present model is used to compare 
cyclobutane (assuming 1.57 A C—C bonds and tetra- 
hedral HCH angles) with a hypothetical C—CH,—C 
unit with tetrahedral angles and 1.533 A C—C bonds,” 
it is found that the C- --C interaction is about 5.4 kcal/ 
CH: mole greater for cyclobutane. The energy to stretch 
the C—C bond to 1.57 A, not including contributions 
of nonbonded repulsions, would come to an additional 
3.7 kcal if the force constant were 4X10° dynes/cm 
(here it must be taken into account that, in the absence 
of nonbonded repulsions, the equilibrium distance 
would be less than 1.533 A). These large destabilizing 
contributions are, however, compensated by a consider- 
able extent according to the present model, by a 5.6 
kcal relaxation of C---H interactions. The net de- 
stabilization energy, would then amount to about 3.5 
kcal/CH: mole. It would be even somewhat less if the 
HCH angle were allowed to increase from 109.5° and 
relieve H- --H repulsions subsequent to the above relief 
of C---H repulsions, in agreement with the experi- 
mental observation™ that the HCH angle in cyclobu- 
tane is approximately 114°. Thus the calculations 
based on the present model are pleasingly (and prob- 


20K. S. Pitzer, J. Chem. Enys 8, 711 (1940). 

1 L. S, Bartell, J. Am. Chem. Soc. 81, 3497 (1959). 
asin. L. Lonsdale, Phil. Trans. Roy. Soc. (London) A240, 1219 
(1980 . D. Dunitz and V. Schomaker, J. Chem. Phys. 20, 1703 
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ably somewhat fortuitously) in agreement with the 
thermochemical results, and suggest the need for inclu- 
sion of terms omitted in previous calculations of strain 
energies. 


Some Implications of the Model 


According to the present model, the C—C bond 
length “shortening” in isobutylene and other un- 
saturated compounds, previously ascribed to hyper- 
conjugation and change in hybridization, can be largely 
accounted for in a straightforward manner by relaxation 
of nonbonded repulsions. It is relevant to inquire, then, 
whether the thermochemical evidence for hyper- 
conjugation can also be attributed to nonbonded inter- 
actions. Here it is disappointing to observe that the 
energy differences to be accounted for are not as simple 
as the differences in bond lengths. The quasi-hyper- 
conjugation energy depends upon the difference between 
equal numbers of terms, (over two dozen) each of which 
is comparable to the net energy effect, whereas the bond 
length difference depends principally upon one readily 
accessible term. A rough computation with the present 
model gave an approximately correct result for the 
energy but depended beyond the present limits of 
confidence upon the exact shape of the potential 
functions. It is possible, at present, only to say that 
the thermochemical results are of a magnitude easily 
accounted for by nonbonded repulsions. It will be 
interesting to see if simple potential functions will be 
forthcoming which are capable of correlating quantita- 
tively bond angles and spectroscopic results as well as 
thermochemical results. 

Several authors, and notably Dewar, have recently 
cited evidence that hyperconjugation, and conjugation 
in nonaromatic molecules, are unimportant in the 
ground state of molecules, conclusions which are con- 
sistent with the present model. Dewar and Schmeising 
showed that there is no remaining need to invoke con- 
jugative or hyperconjugative delocalization of appreci- 
able magnitude if distinctions are made between trigonal 
and tetrahedral « bonds. Dewar and Schmeising at- 
tributed all of the differences to hybridization effects, 
and used empirical structural and thermochemical 
data to fashion a consistent model. It is fair to remark, 
however, that nothing is really known about the state 
of hybridization of the oa electrons (nor is there even a 
universally accepted definition of hybridization) ,“ and 
that the model of nonbonded repulsions can be substi- 


*M. J. S. Dewar and H. N. Schmeising, Tetrahedron 5, 166 
(1959). For theoretical evidence see R. S. Berry, J. Chem. Phys. 
26, 1660 (1957); 30, 936 (1959). See also N. Muller and D. E. 
Pritchard, J. Am. Chem. Soc. 80, 483 (1958). 

% Hybridization is often, without fundamental justification, 
inferred from bond angles, it being assumed that bonds are not 
bent. In the present comparison between isobutylene and, say, 
n-butane, there is no difference between the experimental C— 
C—C angles in the two molecules and accordingly, by the fore- 
going criterion, no difference in hybridization. 


BARTELL 


tuted in part or in total with little change in effective 
result.% 

Among the deficiencies of the present simple model is 
its inability to explain more than about 10% of the 
barrier to rotation about the C—C bond in ethane. This 
demonstrates compellingly that the model is limited in 
its representation of intramolecular nonbonded inter- 
actions. Nevertheless, it is attractive in its extreme 
simplicity and seems to capture enough truth to justify 
further investigation. 


CONCLUSIONS 


Nonbonded interactions in molecules appear to play 
a much more important role than is often recognized. 
Evidence is presented which suggests that such inter- 
actions may be even more important than effects of 
hybridization and conjugation or hyperconjugation 
in governing bond angles, bond distances, energies of 
isomerization and hydrogenation, and bending vibra- 
tions of molecules. 


APPENDIX 


The following potential functions were devised some- 
what arbitrarily for the purposes of the present com- 
parisons. For coefficients of the London r~* dispersion 
energy terms the values of Pitzer and Catalano! were 
adopted for C---C, C---H, and H---H interactions. 

For the repulsive C---C contribution, the Lennard- 
Jones r—” form was assumed. The coefficient of the re- 
pulsive term was chosen to make the position of the 
minimum in the potential function occur at 3.5 A. In- 
gold et al.” have used the value 3.2. A for the minimum 
while more recently Kitaigorodskii* has used 3.6 A. 


* Tt is ible with the present model to deduce theoretically 
rough values of terms which Dewar and Schmeising evaluated 
empirically. The term of Dewar and Schmeising which was found 
to obviate the necessity of assuming conjugative interactions, was 
[(Ecc’—Eoc)—(Ecn’—Ecu)] where the Ej; represent bond 
energies, maak grote terms corresponding to trigonal bonds and 
the unprimed terms corresponding to tetrahedral bonds. The 
variation of bond energies with “hybridization” was determined 
from curves of bond energy versus length along with experimental 
differences between trigonal and tetrahedral bond lengths. 

According to the present model the potential energy of a bond, 
taking into account only the force constant, k, and the largest 
nonbonded repulsions of approximate form Ar;j~", is V~}k 
(r—ro)*+-Ar;;-*. If the bond changes because of changes in A, 
since dr;;/8r~0.8, it follows that the change in bond length, Ar, 
with bond energy, AV, will be Ar~0.8X12AV/rijk. If rig~2.5X 
10-® cm and k~4X105 dynes/cm, the formula yields a bond 
energy change of about 150 kcal/mole per angstrom unit change 
in bond length. Dewar and Schmeising found 250 kcal and 150 
kcal per angstrom for C—C and C—H respectively. G. Glockler 
[J. Chem. Phys. 21, 1291 (1953); J. Phys. Chem. 61, 31 (1957) ] 
reported analogous values of 140-190 kcal and 140 kcal per 
angstrom, respectively. All of the empirical values cited are 
subject to appreciable error due to several crude values of bond 
distances assumed in the calculations, but agree well in magnitude 
with the result of the present model. 

27 Dostrovsky, Hughes, and Ingold, J. Chem. Soc. 1946, 173. 

A, I. Kitaizorodskii, Fedorov Session on Crystallography, 
Leningrad, U.S.S.R., May 25, 1959. It should be pointed out that 
neither Ingold’s nor Kitaigorodskii’s functions were precisely 
6-12 potentials. 





EFFECTS OF INTRAMOLECULAR VAN DER WAALS FORCES 


The present function yields constants agreeing with 
Simanouti’s spectroscopic constants to within the ap- 
parently rather wide limits of uncertainty of the latter. 

For H---H interactions the repulsive term of the 
Lennard-Jones potential appeared too extreme in its 
dependence upon r to correlate rotational isomeriza- 
tion energies of hydrocarbons and intermolecular forces 
in crystals with second virial coefficients of gaseous Hp. 
Accordingly, a Buckingham (exp-6) potential was con- 
structed to fit Mulliken’s estimation of H- - -H repulsive 
forces at small r (0V/dr was fitted at 1.36 A), and 
Chang’s analytic expression” for de Boer’s calculations™ 
of interactions of Hz molecules at distances of 2.6 A 


29 Wang Chang, Doctoral Dissertation, University of Michigan 
1 ‘ 
% J. de Boer, Physica 9, 363 (1942). 
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and beyond. The resulting potential had a milder de- 
pendence on r and appeared more or less compatible 
with all quantities discussed in the foregoing. 

The geometric mean of the C---C and H---H re- 
pulsive functions was tentatively adopted for the 
C---+H repulsive potential function. 

The over-all potential functions used, in cgs units, 
were: 


Voc(r) =20.8X 10-r—?— 22.6 10-r-* 
Vun(r) =4.58X 10-Lexp— (r/0.245 X 10°) ] 
—3.42X10- “r+ 
Von(r) =8.68X 10-{ 358[ exp— (7/0.490X 107%) ] 
—1}r*. 
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The structural parameters of gaseous monomethyl- and dimethylphosphine were determined by the 
sector-microphotometer method of electron diffraction. Center of gravity bond distances and standard 
errors for the two molecules were, respectively: rcp=1.8582-0.003 A and 1.853+0.003 A; rcp =1.094+ 
0.008 A and 1.097+-0.007 A; rpy=1.423+0.007 A and 1.445+0.02 A. The angles P—C—H were 109.64 
1° and 109.8+0.7°. In dimethylphosphine the angle C—P—C was 99.2+0.6°. The methyl groups were 
found to be in staggered conformations. The distances and root-mean-square amplitudes of vibration 
agreed well with the values determined in recent studies of phosphine and trimethylphosphine. | 





INTRODUCTION 


HE series of molecules PH;, PH2CH;:, PH(CHs)s, 

and P(CHs)s plays a prominent role in theories of 
coordination complexes. The stabilities of complexes 
of the phosphines have been correlated with such 
properties of the free phosphine molecules as dipole 
moments, bond angles and hybridization, steric factors 
and other properties which, in turn, have been related 
to the assumed structure of the molecules.'~ An investi- 
gation of the structures of the molecules has never 
been made, however. A program was undertaken, 
accordingly, to study the series by the sector-micro- 
photometer method of electron diffraction. The results 
for PH;° and P(CHs);° have already been reported and 
compared with spectroscopic studies’ * of the molecules. 
The structure determinations for PH:CH; and 
PH(CHs): are presented in the following. 


PROCEDURE 


Samples of monomethyl- and dimethylphosphine 
were generously provided by Professor R. W. Parry of 
the University of Michigan. Electron diffraction pat- 
terns were recorded on Kodak medium lantern slides 
with an apparatus described earlier,? using 40-kv 


* Work performed in part in the Ames Laboratory of the U. S. 
Atomic Energy Commission. 

{ Institute for Atomic Research, Iowa State University, Ames, 
Iowa. The author wishes to express his appreciation to E. I. 
du Pont de Nemours and Company for a summer faculty fellow- 
ship during which the diffraction patterns were obtained. 

1H. C. Brown, Rec. Chem. Progr. (Kresge-Hooker Sci. Lib.) 
14, 83 (1953). 

2A. B. Burg, Rec. Chem. Progr. (Kresge-Hooker Sci. Lib.) 
15, 159 (1954). 

3R. W. Parry and R. N. Keller, Chapter 3 in The Chemistry of 
the Coordination Compounds (Reinhold Publishing Corporation, 
New York, 1956), pp. 123-129. 

4R. W. Parry and G. Kodama (to be published). 

5L. S. Bartell and R. C. Hirst, J. Chem. Phys. 31, 449 (1959). 
( on) Bartell and L. O Brockway, J. Chem. Phys. 32, 512 

1 : 

7™C. C. Loomis and M. W. P. Strandberg, Phys. Rev. 81, 798 
(1951); H. H. Nielsen, J. Chem. Phys. 20, 759 (1952); V. M. 
McConaghie and H. H. Nielsen, ibid. 21, 1836 (1953); M. H. 
Sirvetz and R. E. Weston, Jr., ibid. 21, 898 (1953). 

058) R. Lide, Jr., and D. E. Mann, J. Chem. Phys. 29, 914 
1958). 

*L. O. Brockway and L. S. Bartell, Rev. Sci. Instr. 25, 569 

(1954). 


electrons and an f° sector. Experimental procedures 
followed those previously published.” Indices of resolu- 
tion, R= Meut(s)/M teor(S), of 0.88 and 0.92 were ob- 
obtained with monomethylphosphine for the 10-cm 
and 25-cm camera data, respectively. Corresponding 
indices of 0.79 and 0.83 were obtained with dimethyl- 
phosphine. The deviations from unity resulted princi- 
pally from a uniform delocalization of the specimen 
throughout the camera chamber, and corrections were 
made for the effect." Corrections ranged from 0 to 
0.002 A. 

The data were processed by a procedure closely re- 
sembling several described previously.”- The Gaussian 
damping function used in the radial distribution inte- 
grand had a value of 0.1 at s=31. Included in the analy- 
sis were corrections for non-nuclear scattering and the 
failure of the Born approximation. For the latter correc- 
tion the phase shifts calculated by Ibers and Hoerni" 
were used. The shifts suggested by Bartell and Brock- 
way5 are too small at small s. Fourier integral ter- 
mination errors were corrected with the aid of an analy- 
tic approximation discussed elsewhere.® 

Final parameters were deduced by fitting the experi- 
mental radial distribution function, f(r), with Gaussian 
peaks by the method of steepest ascents.® The regions 
from 0.90 to 1.55 A, 1.70 to 2.00 A, and 2.15 to 2.80 A 
were fitted independently, and the results showed that 
the areas of the various regions were consistent. This is 
reflected in the least squares output of the index of 
resolution (adjusted to the 10-cm data) which, for the 
three regions was 0.878, 0.876, and 0.875 for mono- 
methylphosphine and 0.801, 0.788, and 0.787 for di- 
methylphosphine. Root-mean-square deviations be- 
tween experimental and calculated f(r) curves de- 
creased with r, approximately as 0.022r— and 0.0307“ 

wane S. Bartell and L. O. Brockway, J. Appl. Phys. 24, 656 
S Ls, Bartell, J. Appl. Phys. 32, 252 (1960). 


2 Bartell, Brockway, and Schwendeman, J. Chem. Phys. 23, 
1854 (1955). 

137. L. Karle and J. Karle, J. Chem. Phys. 17, 1052 (1949). 

“4 J. A. Ibers and J. A. Hoerni, Acta Cryst. 7, 405 (1954). 

1% L. S. Bartell and L. O. Brockway, Nature 171, 978 (1953). 


1 R. A. Bonham and L. S. Bartell, J. Chem. Phys. 31, 702 
(1959). 
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ELECTRON DIFFRACTION OF PH:CH;s AND PH(CHs): 


for the monomethyl and dimethyl compounds re- 
spectively. The magnitude of the deviations corre- 
sponded to about 0.5% of the value of the main PC 
peak. Thus, the contribution of random intensity 
errors to the uncertainty in the PC distances is ap- 
parently only 0.001 A, as was found also in the case of 
trimethylphosphine.* 

Standard errors were calculated as described else- 
where.” They include all known sources of error 
except those associated with the imperfectly under- 
stood uncertainities in the approximations of electron 
scattering theory. Standard errors quoted for bond 
angles correspond solely to uncertainties in the “center 
of gravity” r, values® from which the angles were cal- 
culated and not to possible interpretational uncer- 
tainties associated with the operational definition of 
the angle. In the case of the P—C—H angles, account 
was taken of the effect of the uncertainty in the C- --H, 
peaks which could not be resolved from the stronger 
P “* H. peaks, 


DISCUSSION OF RESULTS 
Experimental and theoretical intensity functions are 
compared in Fig. 1. Experimental radial distribution 
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Fic. 1. Reduced intensity curves for monomethyl- and di- 
en bone par The solid lines represent the total scattering 
function, M(s)=(Jy/Ip)—1 and the dashed lines represent the 
nuclear scattering functions, M.(s). The calculated curves have 
been multiplied by the experimental index of resolution. 


17R, A. Bonham and L. S. Bartell, J. Am. Chem. Soc. 81, 3491 
(1959). 


18 The term r, corresponds to r,(0) of L. S. Bartell, J. Chem. 
Phys. 23, 1219 (1955). 
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Fic. 2. Experimental radial distribution functions for 
methyl- and dimethylphosphine. 


functions are shown in Fig. 2. For dimethylphosphine 
the data clearly indicate that the methyl groups are in 
staggered conformations, with a barrier to rotation 
about the P—C bond probably in excess of 1 kcal/ 
mole. A much more accurate value of 2.60.5 kcal/ 
mole was reported for the analogous barrier in tri- 
methylphosphine by Lide and Mann® according to a 
microwave investigation. In the case of monomethyl- 
phosphine the data at all stages of refinement per- 
sistently exhibited H---H interactions indicative of a 
staggered conformation for the methyl groups. The 
interactions were not much stronger than the noise 
level of the data, however, so no quantitative assess- 
ment of the rotational barrier could be made. 

The structural parameters determined in this in- 
vestigation are listed in Table I with the parameters 
found in parallel electron diffraction investigations of 
phosphine® and trimethylphosphine.* The root-mean- 
square amplitudes of vibration appear to be of reason- 
able magnitudes. The distances and angles agree well 
among the molecules, with no more than the expected 
number of results differing from corresponding ones by 
amounts in excess of the standard errors. 

A trend that appears significant is the decrease in the 
P—C bond length as the number of methyl groups 
increases. Although the total standard errors are about 
two parts per thousand, the random uncertainty ap- 
propriate in the comparison of the P—C bonds is only 
about one part per thousand. The shift between 
monomethyl- and trimethylphosphine is substantially 
larger than this, being about six parts per thousand. 
Recently, in another paper, the author” proposed ten- 


1 L. S. Bartell, J. Chem. Phys. 32, 827 (1960). 





Taste I. Electron diffraction results and standard errors. Distances rz and amplitudes / are in Angstrom units. 
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P(CHs)3* 


PH (CHs)2» 


PH:CH;> 


PHs° 





LPC 
ZPCH 
ZCPH 
Methy! config. 


1.846;+0.003 
0.054+0.003 


1.091+0.006 
0.0730.006 


2.800+0.005 
0.084-+-0.005 


2.455+0.006 
0.110+0.006 


98.6+0.3° 
110.7+0.5° 


Staggered 


1.853+0.003 
0.053+0.003 


1.097+0.007 
0.080+0.007 


1.445+0.02 
0.070+0.02 


2.821+0.010 
0.088-+0.008 


2.452+0.008 
0.114+0.007 


99.2+0.6° 
109.8+0.7° 


(96.5° assumed) (96.5° assumed) 


Staggered 





1.858+0.003 
0.055+0.003 


1.094+0.008 
0.082+0.008 


1.423+0.007 
0.077+0.008 


2.452+0.014 
0.124+0.010 


109.6+1° 


Staggered 








® Reference 6. 
b This investigation. 
© Reference 5. 


tative potential energy functions to describe C---C, 
C---H and H---H intramolecular van der Waals 
interactions in hydrocarbon molecules. It is interesting, 
although of uncertain significance, that the forces 
derived from these functions imply both the direction 
and general magnitude of the trend observed in the 
phosphines. The trend in P—C bonds is opposite to 
that reported for Si—C bonds in an electron diffraction 
study of mono-, di-, and trimethylsilanes,” but in good 
agreement with recent, more precise microwave studies 
of mono-*! and dimethylsilane.” 

None of the other parameters show significant trends 
over the series. It may be noted that the P—H bond 
length, determined here in terms of r,, is 0.01 A to 0.02 
A higher than the spectroscopic 79 values found for 
various isotopic species of phosphine in infrared and 
microwave studies.’ This is apparently attributable to 
(ose) C. Bond and L. O. Brockway, J. Am. Chem. Soc. 76, 3312 


1 R. W. Kilb and L. Pierce, J. Chem. Phys. 27, 108 (1957). 
#1. Pierce, J. Chem. Phys. 31, 547 (1950) 


the operational difference between the parameters 1, 
and ro°. The C—H bonds appear to be about 0.02 A 
shorter than those in the m-hydrocarbons butane 
through heptane,” and in the methyl groups in isobuty- 
lene,” but 0.01 A longer than the C—H bonds in 
ethylene.* The explanation of this result must await 
further research. 
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The angular position of scattering maxima and minima in the radiation diagram of nonabsorbing colloidal 
spheres is calculated for (m—1)—+0 and for m=1.20, by using in the former case the Rayleigh-Gans ap- 
proximation and in the latter the exact Mie scattering functions. By means of empirical equations based 
upon the discrepancies between the Rayleigh-Gans data and the Mie data, the approximate location of 
scattering maxima and minima is calculated also for the m values 1.05, 1.10, 1.15, 1.25, and 1.30. The 
expected precision and accuracy of particle size determinations from the angular location of scattering 
maxima and minima is discussed and the minimum angular ranges to be covered in a given instance are 
defined. A few pertinent features of the related La Mer method (HOTS) are briefly discussed. 





INTRODUCTION 


CHARACTERISTIC feature of light scattering 
observed at a given angle is the periodic alterna- 
tion of intensity maxima and minima as a increases.! 
The rate at which these maxima and minima vary with 
a, at a given m, depends on ¥. This is apparent from 
results given in preceding publications on the scatter- 
ing at y=0,? 45,? 135,? and 180°.! Associated with these 
two phenomena is a periodic alternation of intensity 
maxima and mimima as + increases, at a given m and 
a, provided a@ is large enough. Consequently, each a 
value (particle size at constant wavelength) , provided 
it is large enough, is characterized by a maximum or 
maxima and a minimum or minima of light scattering 
at a given y value or set of y values, respectively. 
Scanning of the radiation diagram over a certain angular 
range represents, therefore, a relatively simple method 
for particle size determinations provided the particles 
are large enough. It has been used by several authors. 
In the first practical application, by La Mer,‘ an in- 
cident beam of white light was used. The minima 
and maxima then manifest themselves by colors in the 
laterally scattered light (“higher order Tyndall spec- 
tra”). The scanning method in monochromatic light, 
whose theoretical features have been briefly investigated 
before,® has many of the advantages of lateral scattering 
measurements at a fixed angle y, without being bur- 
dened by their disadvantages. Above all, the problem of 
multivaluedness of the answers on a is easily eliminated. 
In addition, no major instrument constant is needed. 
The full development of the scanning method for 
determining quantitatively particle sizes in mono- 


* This work was supported by the Office of Naval Research. 
{ Visiting professor; permanent address: Faculty of Living 
Science, Osaka City University, Osaka, Japan. 
1 For the definition of the symbols used here see Heller, Naka- 
gaki, and Wallach, J. Chem. Phys. 30, 444 (1958). 
2M. Nakagaki and W. Heller, J. Chem. Phys. 30, 783 (1959). 
3W. Heller a and M. Nakagaki, J. Chem. Phys. 31, ‘1188 (1959). 
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chromatic light has been delayed primarily by the ab- 
sence of comprehensive computations of explicit angu- 
lar light scattering functions for m values <1.33. Such 
data, pertinent to m=1.20, and derived from the Mie 
theory are now available for the four angles mentioned, 
and, in addition, for 90°.* These data, in conjunction 
with those which are easily derived for the limiting 
case of (m—1)—0, allow one now to ascertain the 
essential theoretical features of this method. To do this 
is the principal purpose of the present paper. 


I. LIMITING CASE OF (m-—1)—0 


The true angular location of the minima and maxima 
of i' can be calculated without difficulty from the 
R—G-—D equation! for the limiting case of (m—1)—0. 
This equation yields 

Syin= tan( Sa) (1) 


(2) 


and 
sin (S,an') =0, 
respectively. Here 
a=2nr,/d, 
S,=2 cos(y/2), 


(3) 
(4) 


r, is the radius of the particles, \ is the wavelength in 
the medium, is any integer number, and a, and a,’ 
represent the a values at which a minimum or maxi- 
mum, respectively, of i, of order m, occurs at the 
particular yy value considered. 

The a, and a,’ values can be calculated even more 
simply* (see also reference 5) from the equations 


n= (n+3)a/Sy (S) 


a,’ =nr/ Sy. (6) 


The results obtained with the latter equations are 
plotted in Fig. 1. It shows that successive orders (1-10) 


and 


6 See a subsequent pepe’ by Pangonis, Heller, and Economou 


(to be submitted for publication in J. Chem. Phys.) 


835 





M. NAKAGAKI AND W. HELLER 





Oo MINIMA 
e ET R-6-0 
rea 90 








0 


Fic. 1. The variation of a, and a,’ with the angle y if m—1.0. 
Here a, and a,’ are the a values at which the scattered intensity 
reaches a minimum and maximum, respectively, of order n; 
incident beam unpolarized. Full curves represent a,; dashed 
curves, a’; dotted curves I and II: see text; inscribed numbers 
(1-10), order n. 


of maxima (dashed curves) and minima (full curves) 
originate at y=0° and move, with increasing a, toward 
larger y values. The rate of this forward movement 
decreases continuously with increasing y. Thus, both 
the first minimum and maximum are extremely sensi- 
tive to a change in particle size at y values <45°, but 
are very insensitive to it once they have moved to a y 
value >135°. An interesting detail is that the sensi- 
tivity to changes in particle size (a) decreases, at any 
y, with an increase in the order of the maximum and 
minimum. 

Experimentally, one determines the relative scattered 
intensity, I/Jo, where J is the intensity of light scat- 
tered by the unit volume of a dispersed system of a 
given concentration, per unit solid angle, and Jo is the 
intensity of the incident beam. This quantity is propor- 
tional to i, so that the experimentally determined 
intensity maxima and minima coincide with those of i 
both with respect to the associated y and a@ values. 
Numerical values for the angular location of these 
intensity maxima and minima are given in Table I fora 
series of selected @ values. 

The angular position of the maxima and minima may 
vary slightly with concentration unless one operates 
with highly dilute systems. For unusually exacting 
work, one may therefore wish to consider the maxima 
and minima of (J/Joc) extrapolated to infinite dilution 


] 


(c is the concentration of the scattering material). 
These maxima and minima also are identical in angular 
position with those of i if a is constant. They differ 
slightly, at constant +, as a function of a, since I/Igc 
is proportional to (i/a*). In general, however, the 
difference is too small to be of practical consequence 
(see end of Sec. IV). 

Figure 1 allows a rapid count of the number of max- 
ima and minima expected between y=0° and y= 180° 
at any a value. At a=16, for example, the highest a 
value considered, the number of maxima and minima 
has already increased to 10 and 9, respectively. It is 
apparent from the data that it is sufficient to scan the 
radiation diagram between y=0° (backward direction) 
and y; in order to obtain a single-valued answer on a 
(particle size). The value of ; is defined here by the 
intersection of the main curves in Fig. 1 with curve I. 
The angular range between 7; and y=0 contains one 
maximum or one minimum. The accuracy of the result 
will be increased by enlarging the range to 7,’ defined 
by the intersections with curve II. This range contains 
both one maximum and one minimum. Not only their 
individual angular location but also their angular separ- 
ation can then be used for particle size determinations. 
Both ranges decrease with increasing a. Thus, the range 
bordered by curve II decreases from (0-112°) at 
a=3 to (0-53°) at a=15. Finally, it is apparent that 
the minimum a value to which the scanning method can 
be applied at (m—1)—0 is 1.6 corresponding to a par- 
ticle diameter of about 210 my if \»=5460.73 A, and 
the medium is water at 20°C. 


II. CASE OF m=1.20 AND THE POTENTIALITIES OF 
THE SCANNING METHOD 


By means of the data computed in this laboratory 
from the Mie theory for the scattering at y=0, 45, 90, 
135, and 180° if m=1.20, it is possible to give complete 
information for this particular case which, in practice, 
corresponds closely to that of polystyrene lattices. 
The a, and a,’ values at these angles were obtained by 
numerical interpolation of the 7, (a) curves. Their 
uncertainty is very small since the Aa intervals of the 
computed i values were throughout 0.2. In order to 
facilitate interpolations for other angles, the a, and 
a,’ values, pertinent to incident unpolarized light, are 
plotted in Fig. 2 and 3, respectively, as a function of 
(1/S,) (fully drawn curves). In this type of plot 
straight lines are obtained as long as a, and a,’ are 
sufficiently small. At larger an (an’) values, the lines 
degenerate into curves. From these data, Table II and 
Fig. 4 are derived which give for m=1.20 information 
corresponding to that furnished, for (m—1)—0, by 
Table I and by the curves I and II of Fig. 1, respec- 
tively. 

The R—G—D values, dotted in Figs. 2 and 3, give 
throughout rigorously straight lines as required by 
Eqs. (5) and (6). These data differ substantially from 
the Mie data. The absolute differences are smallest for 
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Taste I. The + values, in degrees, at which intensity maxima and minima, of order n, occur if m—+1.0. Unpolarized light; minima 
bracketted; R—G—D theory. 
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TABLE II. The y values, in degrees, at which intensity maxima and minima, of order m, occur if m=1.20. Minima bracketted; 
Mie theory; unpolarized light. 
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Fic. 2. The variation of a, with 1/S, if m=1.20; unpolarized 


incident light. Full curves represent Mie data; dashed curves, 
R—G—D data. 
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Fic. 3. The variation of a,’ with 1/S, if m=1.20; unpolarized 


incident light. Full curves represent Mie data; dashed curves, 
R—G—D data. 


the first order maximum and minimum as they originate 
at y=0°. The first minimum actually originates at 
a=1.9 while the R—G—D value is a=2.25.” The ab- 
solute differences increase with the forward movement 
of the maxima and minima toward larger a values and 
they increase also with their order. The percent differ- 
ences, however, are almost independent of (see next 
section). At a=15, the radiation diagram contains 
already 12 maxima and 12 minima, three more of each 
than expected from the R-G—D equation. Even at 
an m value as small as 1.05, both absolute and percent 
differences, although much smaller, are quite significant. 
From data given in the next section, it follows that a 
particle weight derived from the R-G—D data is 
13.1%, 45.4%, and 70.6% too large if m=1.05, 1.20, 
and 1.30, respectively. 
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Fic. 4. Definition of the angular range to be covered for single- 
valued answers on particle size if m=1.20. Vertical distance be- 
tween curve I (II) and abscissa defines angular range to be 
covered at given a value in order to pass through one maximum 
(one maximum and one minimum). 


III. PRELIMINARY GENERALIZATION OF THE 
RESULTS 


The preceding results allow one to describe the salient 
features of the radiation diagram fully at any a value 
for both m=1.20 and m—1.0. In order to obtain rigor- 
ously correct results with the scanning method at any 
other m value, the variation of the angular maxima and 
minima with m should be known. It will be possible to 
evaluate this variation very accurately once the tedious 
and time-consuming computations of angular scatter- 
ing functions for other m values have been completed 
which are being carried out at present by W. J. Pangonis. 
At present, it is possible to approximate the an(m) 
and a,'(m) function to probably a satisfactory degree 
by using the percent differences between the available 
Mie data and the R—G—D data as the basis. 


7 This shows, incidentally, that the lower limiting a value above 
which the scanning method can be used, decreases with increasing 
m but without altering the accessible fraction of the colloidal range 
considerably. 
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The first finding important for this purpose is that 
the percent deviation of the R-G—D values of ap 
and of a,’, from the Mie values (Ag_g_p and Ap-c_n’, 
respectively) is, at any m, from 1.05-1.30, largely in- 
dependent of , with the doubtful exception of n=1. 
This follows for a, and 90° scattering® from Table III. 
The fluctuations about an average Apg_g_p at a given m, 
are due in part to the slightly oscillatory character of the 
Mie data (too small to be apparent in graphs; see Fig. 
5) and in part to uncertainties in the numerical inter- 
polation of the exact position of minima between the 
pertinent Aq intervals of 0.2. Table IV shows that 
Ar-c-p and Ag-g-v’ are largely independent of m at 
45 and 135° also if m>1. At angles y<45°, however, this 
independence ceases. 


TABLE III. Percent deviation A of the R—G—D a, values 
from the Mie a,» values at y=90; m varied.* Here a,=a value at 
which a minimum of order m is expected. (The R—G—D values 
are throughout larger than the Mie values.) 


x 





oe 
&R 


1.20 1.30 





13.6 
14.6 
13.2 
13.1 
12.0 
14.3 
13.7 
13.6 


13.341.3 


22.6 
19.6 
20.3 
18.5 
16.3 
18.0 
16.9 
16.4 


19.543.2 


1 2.6 
2 5.0 
3 4.1 
4 3.7 
5 4.3 
6 4.3 
7 3.8 
8 4.7 
1 


b> 
z 


4.141.3 





® These data are calculated for linearly polarized light vibrating perpen- 
dicular to the plane of observation. Those for unpolarized light are nearly the 
same (see footnote 8 and column four in Table IVA). 


The second finding of importance is that there exists 
a relatively simple Ag_c-py (m) function at a given a. 
This can easily be shown for y=90°. Results to be de- 
scribed later yield the following pertinent data at 
m=1.00, 1.05, 1.20, and 1.30, respectively: a,;=3.18, 
3.0, 2.8, and 2.6; Aa,=2.22, 2.12, 1.96, and 1.90.8 The 
graphical representation of the individual data in Fig. 5 
yields the following equations: 


n= 1.142.220 (m—1.00) 
Ot, = 1.042.120 (m= 1.05) 
a, =0.9+1.96n (m= 1.20) 
an=0.8+1.90n (m= 1.30) 
From this one obtains 
Ap-c-v=[(A’+B'n)/(A +Bn)]—1, (8) 
where A and B represent the intercept and the slope, 


(R-—G-—D) (7) 
(Mie) (7a) 
(Mie) (7b) 
(Mie). (7c) 


8 The data given apply to incident polarized light vibrating 
perpendicular to the plane of observation. If the direction of 
vibration is in the plane of observation, a:=3.18, 3.8, 3.4, 3.2 
and Aa,=2.22, 2.14, 1.86, and 1.72, respectively. The data for 
incident unpolarized light are paractically the same as the former. 
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TABLE IV. Percent deviations, A and A’, of the R-G—D—a, 
values and a,’ values from the Mie data at m= 1.20; 7 is varied; 
unpolarized light. (a,’=a value at which a maximum of order 
is expected.) 
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Fic. 5. Variation, at 90°, of the a value at which an intensity 
minimum, a, occurs with its order m; incident light is polarized, 
vibrating perpendicular to the plane of observation (data apply 


also very closely to incident natural light). Full curves represent 
Mie data; dashed curve, R—G—D data. 
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TABLE V. Average percent deviation of the R—G—D a, values 
from the Mie values at various y and m values; unpolarized light. 
[Data in italics calculated from Eq. (10).] 





45 135 





9 : 3 
12 : 6 
16 9 
19.0 : 12.4 
22 . 15 
25 : 18 





respectively, of the (nearly) straight lines obtained 
from the Mie data, and A’ and B’ are the corresponding 
R—G—D quantities. The resulting Ar-c-p (m) 
function shows that Ap-c_p increases monotonically 
with m at a slowly decreasing rate. Alternately, An-c_p 
(m) can be calculated from the average deviations 
given in the last row of Table III. These alternate data 
are satisfied by the equation, valid for y=90°, 


Ar-c-p= —0.60+-0.61m; (n>1). (9) 


The respective straight line intersects this curve at 
m> 1.05 and again at m~1.20. The Ap-c-_p (m) values 
obtained by the two procedures differ at the most by 
10% within the m range 1.05—1.25. Equation (9) and 
a corresponding equation for the deviation of the R— 
G—D maxima, Aggy’, was therefore used for the sake 
of simplicity. 

Table V gives, in the third column, the Ag_c_n (m) 
values for y=90°. On the other hand, the fourth row 
gives the mean Ag-c-p (y) values for m=1.20, as 
obtained from Table IV A by neglecting n= 1. The latter 
show that the R-G—D values deviate, at a given m, 
more from the Mie data the smaller +. 

The assumption shall now be made that Ag_g_p (m) 
is independent of y. This assumption cannot be correct 
quantitatively. It is likely that Ap_c_p varies with m 
less if y>90° and more if y<90°. Nevertheless, it is an 
acceptable first approximation pending the collection of 
more data from the Mie equations. On this basis, 
the general equation 


Ar-c_p(m, 7) = Ar-c_p (Y) m=1.20+0.61m—0.736 (10) 


is obtained. From this equation, the data in italics in 


Taste VI. Average percent deviation of the R—G—D a,’ 
values from the Mie values at various y and m values; unpolarized 
light (data in italics calculated from approximating equation). 
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Table V have been calculated for Aap. Similarly, 
Table VI gives the corresponding results for Aa’. 
By means of these data, an “error contour chart” 
is constructed in Fig. 6. The length of the radius 
vector indicates the percent deviation of the a,’ values 
obtained from the R—G—D equation, excluding + 
values >135°. Tables V and VI and Fig. 6 therefore 
should allow one to obtain the approximate true values 
of a,’ by applying the proper corrections to the easily 
calculated R-G—D data [Eq. (6) ].® The corrected 
data, in turn, should allow one to obtain a practically 
useful estimate of particle size from the angular loca- 
tion of intensity maxima or minima at any m between 
1.0 and 1.3. 

Equations (7)-(7c) pertain strictly only to the 
minima of i and of the experimental quantity (I/Jp). 
The coefficients for the corresponding equations for 
(I/Ioc) are, however, practically the same at all 
n values. The same was found to be true for the maxima 





180 





Fic. 6. Error contour chart for intensity maxima calculated 
from R—G—D equation. Length of radius vector represents per 
cent deviation A from Mie data; parameter, m. 


equations for (I/Joc) provided that n>3. Equation 
(10) and the results in Table V apply therefore to all 
three quantities. The results in Table VI and Fig. 6, 
however, apply to (J/Ioc) only with the restriction on 
n stated. The reason for the practical identity of the 
a, and a,’ values of (I/Ioc) with those of i and (I/Ip») 
is that the rate of change of 7 near the maxima and 
minima is so large throughout that introduction of the 
factor (I/a*) has practically no significant effect upon 
the location of the maxima and minima as a function of 
a. The differences in Aa, and Aa,’—which determine 
the coefficients in the equations used—are evidently 
still smaller. 


IV. THEORETICAL PRECISION AND ACCURACY OF THE 
SCANNING METHOD IN MONOCHROMATIC LIGHT 


Information on the potential precision and accuracy 
of particle size determinations based upon the scanning 
method, may be derived from the Mie data pertinent 
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*It is 1A that the corrections necessary on deriving a 


— weight rather than a particle diameter from the angular 
ocation of a are ew 3 times larger than indicated by the chart 
in Fig. 6. Thus, in the most favorable case covered by the chart, 
the error in particle weight, on omitting the correction to the 
R—G—D equation, would be 9-10%, if the maximum occurs at 
135° and if m=1.05. 
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to m=1.20, considering intensity maxima, which for 
obvious experimental reasons will generally be preferred 
to the minima. Since the maximum of the second order 
progresses from 45° to 90° as a increases from 3 to 4 
(see Table II), the average precision, per degree, is 
here 0.02a. Thus, a change in particle diameter by 
about 25 A (assuming the use of 5461 A as the wave- 
length of the incident beam), should be measurable if 
the solid angle used is sufficiently small. The maximum 
of the fifth order progresses from 37° to 64° as a in- 
creases from 7 to 8 corresponding to an average dis- 
placement by 1° as the particle diameter changes by 
about 50 A. Theoretically, the absolute precision of the 
scanning method is therefore remarkably high, particu- 
larly at low orders and at angles y<90°. It decreases 
witb increasing order and, particularly, with increasing 
. However, the percent precision is relatively little 
affected by the order. Thus, in the examples given, the 
percent uncertainty in particle diameter is 0.4-0.7 in 
the first instance and 0.4-0.6 in the second. Such a high 
precision presupposes that the intensity maximum can 
be located with an uncertainty not in excess of +0.5 
degree. This appears possible if the systems are suffi- 
ciently monodisperse. Otherwise, the maxima are bound 
to be too broad and shallow. The accuracy of the scan- 
ning method is, of course, distinctly smaller. It de- 
pends decisively on the primary Aa spacings used for 
the interpolation of the theoretical a, and a,’ values. 
As these spacings have been 0.2 throughout, the 
uncertainty inherent in the absolute particle diameter 
can be estimated as being approximately +100 A. 

The following practically important features of the 
scanning method have become apparent on the basis of 
the results discussed: (1) In order to obtain single- 
valued answers on particle size, it is not necessary to 
scan the entire radiation diagram. A properly selected 
angular range, which is smaller the larger a is, is suffi- 
cient. (2) The maxima and minima located nearest to 
=0 are most sensitive to changes in particle size. The 
proper angular range to be selected is, therefore, that 
of small angles of 7.” The method is, of course, applic- 
able only above a certain particle size specified above." 

Qn using the alternate definition of the scattering angle 
which originated with x-ray scattering, in which @= (180°—~+) 
is the reference, the method proposed here would represent that of 
“large angle” scattering. 

The fact that the scanning method is most sensitive to changes 
in particle size at low y values, shows that its potential applica- 
tion for the determination of size distribution curves in hetero- 
disperse systems should concentrate on this angular range (cf. a 
subsequent publication concerned with this problem). 

4 Tt is useful to draw attention to a potential pitfall which 
exists on searching for a minimum or minima within a narrow 
angular range centered at 90°. Spheres which are small compared 
to the wavelength of light used exhibit an intensity minimum at 
90° in accordance with the well-known radiation diagram of 
Rayleigh spheres. This is a stationary minimum, independent of 
a and therefore independent of particle size and wave length as 
long as a is sufficiently small. If, therefore, an intensity minimum 
is observed at or near 90°, it may be advisable to check the wave- 
length dependence of its angular location. The possibility of con- 


fusion is, however, rather remote. No such problem exists, o 
course, for determinations of intensity maxima. : 


V. SCANNING METHOD IN WHITE LIGHT 


Since the angular position of an intensity minimum 
or maximum is, at a given m, completely defined by a, 
it will, at a given particle diameter, vary with the 
vacuum wavelength X». On using polychromatic light, 
one will therefore observe colors in the laterally scat- 
tered light, which vary with y. This was observed 
first on sulfur sols by Ray,” but La Mer and collabora- 
tors were the first to study this phenomenon extensively. 

They designated these colors as “higher order Tyn- 
dall spectra” (HOTS) ," and used them for particle size 
measurements. The determination of the a values at 
which maxima or minima in light intensity are observed 
is then replaced by the determination of the a values 
at which an arbitrarily selected color “band” is ob- 
served. In La Mer’s work “red bands” were selected. 
As already pointed out by van de Hulst,™ there is no 
simple relation between the angular location of maxima 
or minima on the one hand and the angular location of 
specific bands on the other: a red band may be the 
result of an intensity maximum in the red or of an in- 
tensity minimum in the green. It is worthwhile adding 
to this observation that bands of a given general color, 
e.g., red bands, are bound to differ in hue and that 
only very specific ones will be practically monochro- 
matic. The angular position of such “monochromatic 
bands” can be determined rather easily theoretically 
since they are bound to be located at that angle 7, 
where for a particular diameter D and m the (I/Ih) 
maxima in the red coincide with the minima in the 
green. 

La Mer’s work has shown that HOTS can be used as a 
useful and simple means for determining particle 
sizes in systems which contain sufficiently large particles 
of uniform size. La Mer’s comparison with the results 
by sedimentation analysis® shows that sizes thus de- 
termined cannot be far off from the true sizes and the 
HOTS method is therefore undoubtedly satisfactory 
for many purposes. In precision and accuracy, it 
cannot be expected to be equivalent to the mono- 
chromatic method. Since a color band extends over a 
finite, although possibly quite small range of y values, 
the precision is bound to be smaller than in mono- 
chromatic light. More important, however, is the prob- 
lem of accuracy. The m value changes with wavelength. 
The true angular spectrum can, therefore, be cal- 
culated only by superimposing two, or preferably three, 
monochromatic radiation diagrams calculated for the 
m values pertinent to the respective two or three wave- 
lengths. The considerable labor involved has thus far 
not been carried out. La Mer used a compromise pro- 
cedure by calculating, for sulfur sols, the radiation 
diagram for 6290 A (m=1.4274) and 5240 A (m= 


2 B. Ray, Proc. Indian Assoc. Cultivation Sci. 7, 1 (1921). 

18 See reference 4 and particularly I. Johnson and V. K. La Mer, 
J. Am. Chem. Soc. 69, 1184 (1947). 

4H. C. van de Hulst, Light Scattering by Small Particles 
(John Wiley & Sons, Inc., New York, 1957). 
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Fic. 7. Determination of monochromatic bands in HOTS 
i. Angular variation of second-order maximum of i with particle 
diameter D if \>=6290 A. II. Same for second-order minimum; 
o=6290 A. III. Same as II except that 4»=5240 A. Full circles: 
Exptl. results by La Mer and Plesner® (RED II). 


1.4602) using in both cases the intermediate m value 
of 1.44 considered in the tabulation of scattering func- 


tions of Lowan." It is, of course, possible to eliminate 
the uncertainties resulting from the dispersion effect— 
whose degree of importance still remains to be evaluated 
quantitatively—by using HOTS not as an absolute 


6 Tables of scattering functions for spherical particles; National 
Bureau of Standards, 1948. 


method, but as a method calibrated for a particular 
system. Thus, La Mer applied HOTS recently to par- 
ticle size determinations on polystyrene latices subse- 
quent to their standardization against electronmicro- 
scopic data.’ Since complete data for m=1.20 are 
available, and since polystyrene closely approximates 
this condition in the visible, it is of interest to compare 
La Mer’s empirical results with those expected from 
theory. Curve I in Fig. 7 represents the angular varia- 
tion of the second order 7 maximum with the particle 
diameter D, if \y=6290 A. Curve II gives corresponding 
information for the second-order i minimum. Both 
curves are derived from the data given in Table II. 
Curve III gives the variation of the second-order i 
minimum with D if \»=5240 A. No dispersion correc- 
tions are applied. The intersection of curves II and 
III defines the most monochromatic Red II. La Mer’s 
results for Red II are indicated by the solid circles. 
In absence of experimental errors and on taking into 
account the effect of dispersion, the experimental data 
should be contained within the area bordered by curves 
II and III. While the shape of the curve that one could 
draw through the experimental points agrees very 
satisfactorily with that expected from theory, the 
experimental diameters are found to be throughout 
somewhat larger. The systematic character of this 
deviation and its direction suggest that the major part 
of the quantitative disagreement may be due to the 
omission of the dispersion corrections although they 
are far less consequential here than in the case of 
sulfur. Considering [ (uses0/s6200,) — 1], where yu is the 
refractive index, the respective values are 6.96 10-% 
and 23.0 10-%, respectively. 


(1957) K. La Mer and I. W. Plesner, J. Polymer Sci. 24, 147 
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The optical absorption due to F centers in KC] at temperatures between 4°K and 377°K has been meas- 
ured. The authors believe they have eliminated the K band, and obtained the absorption due to transitions 
from the ground to the first excited state. The method of preparing ‘‘pure” F centers is discussed. The half- 
width, the point of maximum absorption, and the zeroth, first, and second moments have been measured in 
the above temperature range. The data establish Smakula’s formula on a firm experimental basis for this 
center. The half-width in ev is given by the relation 0.163 [coth(71.0/@) }', while the point of maximum ab- 
sorption is at 2.340-0.027 coth(71.0/@), where 6 is the absolute temperature. An equation has been found 
from which one may calculate the F band absorption. The shape of the band is temperature independent 
and is approximated by the low temperature form predicted by Pekar. The data on the whole support a 
generalized theory. The authors believe that the F band shape is due to the interaction of the F electron 
with localized modes whose average ground state frequency is 2.96 10" sec. 





I. INTRODUCTION 


HE general aspects of the absorption-emission 

spectra of atoms and molecules are understood. 
This knowledge is based on detailed studies of the 
simpler atoms and the simpler molecules. Solid state 
spectroscopy has not yet developed to the stage where 
even the simplest aspects are understood or can be 
formulated in a quantitative manner. In recent years, 
a great deal of effort has been given to the theory of the 
shape of bands in polar solids, but relatively little effort 
has been given to the experimental aspects of the 
problem. 

With this in mind, we have selected one of the best- 
known solid state traps—the F center in KCl—and 
have studied some of its properties in considerable 
detail. We have limited our work to the shape of the 
absorption band associated with this center.' Several 
previous studies have been made. The first, due to 
Mollwo,? characterizes the problem in a general way. 
The second, due to Russell and Klick,’ is a detailed 
analysis of the shape using the configurational coordi- 
nate model.‘ Hesketh and Schneider® have also meas- 
ured the shape of the absorption band in KCl at 113° 
and 290°K. Quite recently Doyle® has calculated some 
interesting parameters related to the F band at 300°K, 
which will be described later in the text. 

Unfortunately, the data of Russell and Klick do not 
agree with other published values (Fig. 1), and the 
authors do not believe that complete reliance can be 
placed on them. The reason for the difference between 
the data of Russell and Klick and that presented here 


1 A prelimi report of this study has been made. J. J. Mark- 
ham and J. D. Konitzer, J. Chem. Phys. 29, 673 (1958). Several 
corrections of this reference are made in the present paper. 

2 E. Mollwo, Z. Physik 85, 56 (1933). 

3G. A. Russell and C. C. Klick, Phys. Rev. 101, 1473 (1956.) 

4C. C. Klick and J. H. Schulman, Solid State Phys. 5, 97 

1957). 
sd Hy V. Hesketh and E. E. Schneider, Phys. Rev. 95, 837 (1954). 
6 W. T. Doyle, Phys. Rev. 111, 1072 (1958). 


is not known. It may be due to slight light leaks. 
Optical bleaching of the F band causes it to widen as 
subsidiary bands are produced.’ 

In view of the difference between Mollwo’s results 
and the values reported by Russell and Klick, new 
data are presented here. It will be analyzed in terms of 
a recent synthesis® of the theories due to Pekar, Huang 
and Rhys, O’Rourke, Lax, and Meyer. Some of the 
concepts can be presented in an alternate form which 
requires a great deal less mathematical background. 
Therefore, the reader is also referred to the recent 
review of Klick and Schulman.‘ For the theory of ref- 
erences 4 and 8 to apply, we must assume that the F 
center has two bound states. During optical absorption, 
transitions occur between the ground and the excited 
state. This fact is firmly established as a result of the 
work done by the Géttingen School many years ago.® 

Before embarking on this study, we wish to state some 
of the questions to be answered. The reader is referred 
to Seitz’s general review of the field for the required 
background.” The terms which will be used are defined 
as follows: 


e—energy of an absorbed photon; 
a(e€)—absorption constant at e; 
Qm—maximum value of a; 
€m—pPhoton energy at am; 
¢y—photon energy at half-height on the red side of ém; 
€y—photon energy at half-height on the violet side 
of €m; 
a,—Smakula’s constant (to be defined) ; 
w—average angular frequency of the phonons which 
influence the F center, when in the ground state; 
6—absolute temperature; 


7J. D. Konitzer and J. J. Markham, Phys. Rev. 107, 685 (1957). 

8J. J. Markham, Revs. Modern Phys. 31, 956 (1959). 

*N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
oo (Oxford University Press, New York, 1948), Chap. IV. 


. Seitz, Revs. Modern Phys. 26, 7 (1954). 
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Fic. 1. The half-width of the F band in KCl vs temperature; a comparison of previously reported data with that presented in this 
paper. Burstein and Oberly, Compton and Klick, and van Doorn and Haven, reference 26; Compton (private communication) ; Kanzaki, 
reference 27; Mollwo, reference 2; Russell and Klick, reference 3; and Duerig and Markham, reference 11. 


H=e,—e,, the half-width; 
M,= | €"a(e)de, the mth moment; 


é= M,/Mo; and 


m?=1/Mo if (e—z)%a(€)de= (Mo/My) — (82. 


The questions are: 


(A) Is the F center unique? It has been suggested 
that various types of centers exist, depending on the 
environment of the negative-ion vacancies which trap 
the electron. A comparison of data taken at various 
laboratories indicates that the centers produced by addi- 
tive coloration have a larger H value than those pro- 
duced by x irradiation." This is supported by studies 
in KBr." Many years ago, Gyulai additively colored 
KBr with potassium and sodium.” He found that the 
centers made from both metals were identical to first 
order. The absorption band associated with the centers 
formed from potassium was approximately 10% wider, 
however. Thus, the uniqueness of the F center has not 
been established, and on occasion, various types of 
centers have been postulated. 

(B) Is the F center stable in the dark at a given 
temperature? The F center broadens on bleaching with 


11 Reference 10, see also W. H. Duerig and J. J. Markham, Phys. 
Rev. 88, 1043 (1952); and Mador, Markham, and Platt, Phys. 
Rev. 91, 1277 (1953). 

12 Z, Gyulai, Z. Physik 37, 889 (1926). 


light at 300°K. However, the problem of the dark 
stability has not been previously resolved." 

(C) May one replace é by €m; m by a constant times 
H; and M, by a constant times amH? The theory is in 
terms of é, m and Mp. The terms ¢,,H and the product 
amH are the easily obtainable quantities and have been 
employed in the past. 

(D) The temperature variation of My and anf is 
of particular interest. If the relation 


M. 0= G:0mH ’ (1) 
holds, where a, (Smakula’s constant) is temperature 
independent, we have an experimental proof of 
Smakula’s famous equation. To the authors’ knowledge 
an experimental verification of this equation has not 
been given. 

(E) Is e, temperature independent? Mollwo’s meas- 
urements indicate it is. The theory has not developed 
to the point where it can explain this phenomenon. 
The simplicity of the fact, if true, requires an explana- 
tion. 

(F) Is the absorption shape temperature inde- 
pendent? Theory suggests that an absorption center 
has a Pekarian shape at very low temperature and is 
Gaussian at high temperatures (Reference 8, Sec. 9). 
A difference in the shape has been reported between 
113° and 290°K.5 


13 Botden, van Doorn, and Haven, Philips Research Repts. 9, 
469 (1954); C. Z. van Doorn, ibid. 13, 296 (1958). 
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(G) What is the thermal dependence of m or H and 
of € or €m? Theories for their dependencies exist and a 
detailed comparison should produce information regard- 
ing absorption centers and the vibrations of the ions 
around the center. 


II. APPARATUS 
(1) Optical Cell 


Absorption measurements were made between 1.0 
ev and 3.5 ev against air as a blank with a Beckman 
spectrophotometer (DU) using the full sensitivity of 
the photomultiplier. During the course of this investiga- 
tion, checks of the photometer system indicated that 
the calibration was within the limits specified by the 
manufacturer. The order in which the points were 
taken did not affect the absorption curve. Measure- 
ments of the crystal were made in Hersh’s Pyrex double 
Dewar" which he modified so that it can be used at 
almost any temperature above 2.5°K." The changes 
are shown in Fig. 2. Except for the brass rod, everything 
below the stainless steel container was made of copper. 
The brass rod acted as a thermal resistance between the 
heater and the liquid coolant (He or Nz). Power was 
applied to the heater to maintain the crystal at any 
temperature above that of the refrigerant. The total 
emf from three thermocouples in series was fed into a 
controller (Wheelco). This allowed a very small 
temperature change to be amplified and gave a stable 
crystal temperature. In this cell, of 200 ml capacity, 
nitrogen lasts four hours at 120°K but only one hour 
near 290°K. With this arrangement the crystal would 
reach 79°K and remain constant within 15 min after 
the nitrogen addition. When the refrigerant was liquid 
helium, the lowest temperature obtained was 13°K. 
The helium lasted about 50 min at this temperature 
but only 20 min at 30°K. The latter time was still 
sufficient to take a complete optical absorption meas- 
urement. The unmodified cell can be used between 4.5° 
and 2.5°K. 

The nitrogen boiling point was lowered to 64°K by 
passing helium gas cooled to 78°K through the nitrogen. 

Temperatures were measured by a copper-constantan 
thermocouple which was soldered directly to the bot- 
tom of the crystal holder. The thermocouples used were 
calibrated at boiling nitrogen, boiling oxygen, and 
boiling helium temperatures, against a constantan- 
copper thermocouple obtained from Professor J. Aston 
of Pennsylvania State University. 

At 14°K the temperature varied 1°K during the 
measurement; at 21°K the variation was 0.7°K; 
while at 29°K the temperature changed only 0.1°K. 

This arrangement permits measurements from about 
10° to 300°K with an accuracy of 0.1 to 0.5°K. Our 
measurements were made on systems at equilibrium 
so that the crystal temperature equals the thermo- 
couple temperature. With no refrigerant in the con- 


“4H, N. Hersh, Phys. Rev. 105, 1158 (1957). 
WR, W. Ure, Jr., Rev. Sci. Instr. 28, 836 (1957). 
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Fic. 2. The inner pot of the experimental glass Dewar showing 
the modifications. 


tainer, the cell can also be used above 300°K. The high- 
est value employed in these experiments was 377°K."* 


(2) Sample Preparation 


The F centers were made by additive coloration, and 
by exposure to 140 Kvp x-rays. The crystals were 
obtained from the Harshaw Chemical Company. The 
additive coloration was made in the equipment de- 
veloped by Noble.” The samples were additively 
colored with potassium or sodium in an evacuated 
stainless steel cylinder. The crystal was maintained at 
750°C (app) (26° below its melting point) for periods 
of three to four hours. The potassium was approxi- 
mately at 310°C, or such that the absorption of a 1-mm 
thick crystal was about 1.0 absorption unit (logie/ (air) / 
I) at liquid nitrogen temperature. This corresponds to a 
concentration of 4X10" (app) based on Smakula’s 
equation with f=0.81. After coloration, the cylinder 
was opened and the glowing crystal was removed and 
dropped into oil. It takes about 30 sec to open the cyl- 


16 The only limiting factor is the melting point of the solder 
joining the sensing parts of the thermocouple. Absorption meas- 
urements have been made on KI at 520°K. 

11G, A. Noble, J. Chem. Phys. 31, 931 (1959). 
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Fic. 3. Comparison of several methods of quenching of KCl. 


inder and about one or two to drop the crystal into the 
fluid. This step was done in complete darkness. After 
this treatment, the crystals were cleaved so as to meas- 
ure only an interior piece. 

An essential step in the preparation of F centers by 
additive coloration is the quenching. The Géttingen 
School concerned itself with this problem in the thir- 
ties.'8-!9 Their technique has not been universally used 
in this country, and this has led to centers which seem 
to have a more complex nature. With this in mind, we 
describe various quenching procedures. 

In Fig. 3 we plot the temperature variation of a plate- 
let (0.1X1X1 cm app) and a block (1X1X2 cm app) 
as a function of time. The temperature was measured 
by means of a chromel-alumel thermocouple. The 
thermocouple was wrapped around the platelet in one 
case and embedded in the middle of the block in the 
other. We believe that the curves on the block represent 
the temperature of the interior, but that the tempera- 
ture of the exterior drops much faster than the graph 
indicates. For instance, in an air-quench, the exterior 
of a block drops from 650° to 400°C in } sec and to 
200°C in 2.5 sec. Quenches using HzO or CCl, are much 
faster; however, the crystals are usually cracked or 
shattered; hence, unusuable for optical work. 

In addition to quenching the block in oil, the tech- 
nique used in Géttingen was explored. The blocks were 
densely colored and allowed to cool slowly. These 
blocks were not strained, and could be readily cleaved 
into platelets. The platelets were reheated to about 
600°C for a few minutes, and were then quenched on a 
copper plate in complete darkness. We believe that the 
reheating to 600°C (the value used in Géttingen) is 
most important. This point has not been studied in 
detail, however. Quenching from lower temperatures 
probably does not completely remove the secondary 


18 FE. Mollwo, Nach. Ges. Wiss. Géttingen IT, 1932, 254. 
19 G, —— and W. Lehfledt, Nach. Ges. Wiss. Gottingen IT, 
1936, 91. 


centers which form along with the F if the block is 
cooled slowly. 

The name “Géttingen technique” refers to the second 
process, while the first is an “oil quench.” 

A block of densely colored KCl was obtained from 
Professor H. Pick of Stuttgart. It was cleaved, heated 
and quenched on a copper plate before measurements 
were taken. ‘“‘Pick” refers to these samples. Harshaw 
crystals were x-irradiated at room (X-RT) and liquid 
nitrogen (X-LNT) temperatures. A coloration of KCl 
was made using sodium (KCI:Na), in which the 
Géttingen technique was used. Another sample was 
colored with potassium in pyrex. Again, the Géttingen 
technique was employed. 

The crystals were cleaved and handled under a red 
light from a Kodak wratten safelight filter, series No. 
2, which transmits no light to the violet of 640 my; 
otherwise, the crystals were kept completely in the 
dark at room temperature. 


Ill. DATA 
(1) General Shape of the Absorption Band 


Figure 4 shows what might be called typical F- 
absorption spectra at several temperatures. The 
“absorption” here includes the reflection from the 
crystal surfaces. An adjustment has to be made so that 
there is no discontinuity at the point where the transi- 
tion between the red and ultraviolet photocells of the 
Beckman occurs; hence, the zero on the y axis is arbi- 
trary. This explains why the transmission in the long- 
wave region is better than that given by Fresnel’s 
reflection equation. In the analysis of the curve we 
assume that the “base line” increases in going from the 
red to the ultraviolet, due to the scattering from the 
surfaces. This conclusion is supported by measurements 
on surfaces of various degrees of roughness. On occasion 
one has gases which are either adsorbed on the surface 
or react with it. This also changes the “base line.” 

Figure 5 represents what the authors believe is the 
absorption of the “pure” F band. These curves were 
obtained by subtracting the “base line”—a straight 
line from the red side to the lowest point on the violet 
side of the F band—and the K band. (See small dia- 
gram in Fig. 4.) We do not believe that the “K center” 
is identical to the F. (See figure in reference 7.) The 
theory is based on the transition between two levels, 
and the effect of the third level (or another center) 
must be eliminated.” If other levels exist, they will not 
affect the results of this paper. 

The method used to eliminate the K band is some- 
what arbitrary. There is, therefore, an uncertainty 
in the ultraviolet which will not affect Mo, H, €m, or é 
at low temperatures,”! though it will influence m. Since 

20 We do not agree with the procedure used by Doyle (reference 
6), who simply takes the net integrated area. 

21 Mador, Markham, and Platt of reference 11, used a different 
method to obtain H. The procedure employed here can be used 


on KBr. It gives a slightly smaller value of H than previously 
reported. 
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K band (see text). 


the K band elimination becomes increasingly difficult 
above 170°K, the burden of the analysis rests on data 
taken below this temperature. Here the K band affects 
H by less than 1%. 

In disagreement with reference 5, we note the red 
side can be approximated by one Gaussian curve, and 
the violet by another. Figure 6 has been made to il- 
lustrate this point. A Gaussian curve gives a single 
straight line through ¢» on this type of plot. Notice 
that the curves for e<e,, and for e>em join smoothly 
at ém, though not as two straight lines. Since these 
curves join smoothly, as shown in the enlarged view, 
the F band cannot be described completely by two 
separate Gaussian curves. The fact that the slopes for 
the violet and red sides are different, shows that the 
F band is nonsymmetrical. We may extend these curves 
to a relative absorption value of 0.01 with essentially 
the same results. The slight deviation we ascribe to 
inaccuracies due to the low value of the absorption in 
the tails of the band. A similar conclusion is not possible 
for our unpublished data on the F center of NaCl. 

The difference between the “pure” and the “impure” 


F band can be detected by measuring H at low tempera- 
ture. This paper only concerns itself with the pure F 
band as far as it can be determined. In some cases a very 
small A band was observed at 2.07 ev at 78°K, approxi- 
mately that found by Petroff.” It was so slight, how- 
ever, that one can ignore it. The presence of the A, B, 
and K bands suggests the possibility that there may be 
other bands underlying the F band. On the basis of 
one or two points it is possible to “imagine” a faint 
band at about 2.42 ev (at 78°K). Resolution of any of 
these bands will involve an extreme amount of care. 


(2) Effects of Sample on H Value—Preparation 
and History 


In this subsection we want to answer our first ques- 
tion of the Introduction, A. The data is given in Table 
I which includes all reliable values of H. Since quench- 
ing is an art and hardly a science, an element of judg- 
ment has been used in preparing the table. Included in 
this table are values of H at boiling helium temperatures 


%§. Petroff, Z. Physik 127, 443 (1950). 
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Fic. 5. The “pure” F band after the K band and base line 
subtractions. 


and below. By pumping on the liquid helium, R. 
Jarka and H. Hersh have obtained measurements at 
approximately 2.5°K. No great effort was made to 
obtain precise temperature measurements of the 
crystal below 4.5°K. 

We have assumed that H at absolute zero is 0.163 
by the use of Fig. 1, where the K band was.subtracted. 

We conclude that the F centers prepared by various 
techniques are essentially identical and that the varia- 
tion from crystal to crystal though measurable is very 
small. If a particular sample is measured many times, 
its value of H will be within the limits specified in 
Table II. There is, however, a larger variation in H 
due to the history of the sample. This conclusion is 
based on work done on the F center in KBr." Since 
the measurement was limited to one sample, we ascribe 
no importance to the larger values obtained with Pick’s 
sample or when the additive coloring was done with Na. 
The conclusion here is that a unique F center is formed 
by all methods of coloration.” This agrees with a previ- 
ous study, provided one assumes that the additively 
colored previously used had been inadvertently bleached 
during the handling—a strong possibility. We believe 
that the variations reported from time to time are due 
to light leaks, and that it is impossible to detect any 
changes in the F center environment by means of opti- 
cal absorption measurements. We have made no 
measurements on F centers formed by ionizing heavy 


28 Identical conclusions may have been made previously in the 
literature. Until now this conclusion was not, however, based on 
reliable experimental evidence. 


particles (knock-on collision) or by electron injection, 
or from U centers. 

A second question is the thermal stability. From the 
measurements of H and em, we conclude that there is 
no thermal instability in the dark at temperatures 
below 377°-K—the maximum temperature used. The 
light falling on a crystal during measurement, especially 
at high temperatures was thought to cause a decay. 
A crystal was first measured at 78°K, then measure- 
ments were taken at higher temperatures (up to 377°K) 
and finally it was remeasured at 78°K. No change in 
H or €m was found. 

Additively colored crystals stored at room tempera- 
ture in light-proof desiccators over periods of three 
months showed no changes. In x-irradiated crystals 
the F band was found to decay with time, even when 
stored in the dark; however, no new bands were formed 
in these crystals since H remained constant. The above 
is further evidence that the decay of the F band and the 
formation of new bands is mainly a function of light 
bleaching. In dilutely colored crystals, K, F, F’ (low 
temperature) and M (very small for room temperature 
irradiation) bands form by x-raying or by additive color- 
ation with proper quenching. We neglect the V bands. 

We do not suggest that these conclusions apply to 
all alkali halides, or even all samples of KCl. Trace 
impurities or strains may have an influence. The keep- 
ing of a sample in the “dark,” however, may be a more 
difficult job than has been supposed, and we believe 
that in many cases the reported thermal instabilities 
are due to leaks, or to the improper formation of the 
F center due to poor quenching after the coloration 
process. 


TABLE I. 





verage H at 
Number of eK, in ev with 


Method of coloration measurements K band 





X-raying at 78°K 
X-raying at 300°K 


Additive coloration with K 
(with both types of quenching) 


Additive coloration with Na 
(Géttingen quench) 


0.193 
0.195 
0.195 


0.199 


Additive coloration with K in 0.195 
glass (Géttingen quench) 
Pick’s sample (Gottingen 
quench) 


0.197 


Weighted average 0.195 


Average value with K band 0.194 


subtracted 





Average H at 4.5°K 
with K band 


Average H at approx. 205°K 
(x-irradiated and measured at 
2.5°K) with K band 


0.165 


0.164 
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Fic. 6. Comparison of the symmetry of the two sides of the F band (see text). 


(3) Moments of Distribution 


The theory is given in terms of the moments, Mo, 
M,, and m. For analytic curves various relations be- 
tween these quantities exist. Since an analytic descrip- 
tion of the F shape has not been given, we are forced to 
use numerical integration. Our procedure is illustrated 
in Fig. 7. If the band resulted from an overlapping of 


several absorption centers, the effect would show up 
in Fig. 7, since the shape of this curve depends critically 
on the absorption of the edges of the band. A composite 
structure, when the F is bleached, shows up as large 
bulges on the ultraviolet side. Table II shows the data 
at five temperatures for two additively colored crystals 
and for one x-rayed crystal to illustrate the reproduci- 





= 
< 
br 
i 
a 
< 
= 
= 
= 
a 
Z 
< 
a 
= 
N 
H 
— 
Zz 
io) 
yi 
A 
dais 


"PUIG Y INOWIM » 
‘£00°0F UIGIeM ore soN[vA g 
"2OO'OF UIA ore soneA y 





. 
St St 


. 
Sst 


ee ise hae “Boe 
St et 


$823 88833 83233 S382 


2 3 
os 6 


* 


osco 


SSSS SSoOSS SSoScS 


SSS 2228 RISB BRRS 


] 
i“) 


CEE 


i i 


mA 
pes eras! 


Se S38s § 


NANN ANNAN Adnan a 


ie 


P9T "0 


(MELE Zurpnpoxe) aBe19av [[e12AG 
ele Ly pesei-x 


DBVIZAB 
II 2ARIPPV 
I 2A IPPV 
LY pekei-x 


a3BIDAB 
II 2A0IPPV 
J eATIPPY 
LY pedei-x 


o3vIDAB 
IT 2AIPPV 
J 2AQIPPV 
Ly pekei-x 


a3vIDAR 
II 2ADIPpy 
I 2ADIPPV 
S'? Ly pekei-x 





H0/9 7 1009 49 
°W 


(w9—*2) /(19—"8) 


AQ 


U9 0 yo/eM yy 


qUITII09 
uondiosqy YI PIM-j[eH 


%_OLXIN Yo uorjeiedaid ajdures 


u01jz¥1}3 «=: anjyeJodwiay, 
-u20u07) 








‘IO ut 193ue0 y ,,eInd,, yo sarjzadoig *]] AAV], 





SHAPE OF THE F-BAND ABSORPTION 


bility. Due to the K band, we have eliminated the data 
at 373°K from the average. We believe that the differ- 
ence between e, and e, can be determined with greater 
accuracy than can the absolute values of either. 

We, now, conclude that: 

(a) My is temperature independent. 

(b) amH is also temperature independent. 

(c) If one defines a, (Smakula’s constant) as the 
ratio of My to amnH, then a,=1.04. For a Gaussian 
curve, a, is 1.06; for a Pekarian™ curve a, is 1.07, while 
for a Lorentzian it is 1.57. Doyle suggests the measured 
value as 1.19. He includes the K band in the area, 
however. We do not believe that this procedure is 
correct. 

(d) €—em is small and for most purposes one may 
replace € by €m, which is obtainable without numerical 
integration. For more accurate work we may write 
€=en+0.015 ev. 

(e) The ratio of H to m is 2.50 and is temperature 
independent. This ratio for a Gaussian curve is 2.35. 
For a Pekarian, it is 2.36 and does not exist for a 
Lorentzian. In view of the values of H/m in Table II, 
we believe that the difference between the measured 
and Gaussian values is real. 

(f) To a first approximation, ¢, is temperature in- 
dependent. Table II seems to indicate a very small rise 
and fall in ¢, as a function of temperature. A further 
study of all our data supports this view. 

Conclusion (a) is expected from the theory; one 
may, however, envisage models where Mo is tempera- 
rure dependent (reference 8, Sec. 17). Conclusions 
(a) and (b) establish Smakula’s equation on a firm 
experimental basis for this band. This means that the 
equation is valid provided one uses the proper “f,” 
determined experimentally. No corrections for the local 
field or for the assumed shape are required, unless one 
wants to relate “f” to the theoretical oscillator strength. 
If per chance, the F shape were Gaussian at one temper- 
ature and Lorentzian at another, one would not be able 
to replace My by the product a»H. Conclusion (e) 
permits us to substitute m by H, and thus eliminates 
a great deal of numerical calculations. The theory de- 
veloped for m can now be used for H. 


(4) Temperature Dependence of the Absorption 
Shape 


The discussion of the shape of the F band is difficult 
since the data cannot be represented in a simple analyt- 
ical fashion. Theory suggests (reference 8, Sec. 9) that 
it is Pekarian at low, and Gaussian, at high tempera- 
tures. With this purpose in mind, Fig. 8 was con- 
structed. In it the true F absorption is divided by am 
and the photon energy is divided by H. Then by shift- 
ing the origin of the x axis we superimposed the points 
¢,/H and ¢,/H for every temperature. Figure 8 indi- 
cates that the shape at 5°K is identical with that at 


* A Pekarian curve is defined in reference 8, Sec. 9. 
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Fic. 7. The total 
integrated area 
under this curve di- 
vided by the zeroth 
moment gives m?. If 
the K band is not 
subtracted or if there 
are other bands 
under the F, this 
curve will have very 
long tails and one 
side would be very 
broad. 
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room temperature. In like manner we may superimpose 
the F absorption taken at 373°K. In this case it is 
impossible to subtract the K band, hence the violet 
side cannot be obtained accurately. We can use the 
data of additive or x-rayed crystals in making this 
comparison. The temperature of irradiation (78 or 
300°K) is not important. The authors believe that no 
importance should be attached to the slight differences 
on the red side, and that the average of the two curves 
in Fig. 8 is more reliable than the individual one. A 
Lorentzian curve has been fitted in like manner. It 
does not reliably represent the F shape. Mollwo’s? data 
did not include the tails of the band, and thus gave the 
appearance of a Lorentzian curve. 

Figure 8 leads to the conclusion that the F shape is 
temperature independent (below 373°K). This is in 
contradiction to the theories of Pekar and of Kubo 
and Toyozawa (reference 8, Sec. 9). 

In Fig. 9 we compare the experimental curves with a 
Gaussian and a Pekarian curve. The symmetrical 
properties of the curve can be judged from the vertical 
line drawn through en/H. The Pekarian is a definite 
improvement although it is not completely satisfac- 
tory. The area under the Pekarian curve is greater than 
the true area of the F band. This difference accounts 
for the decrease of a, in the measured curve relative to 
the Gaussian or Pekarian. To further compare the 
measured absorption, we note that in Table II, (€,— 
€r)/(€v—eém) is 0.84. This should be compared to a 
value of 0.9 obtained for a Pekarian shape (reference 8, 
Fig. 10). Although Pekar’s analytic expression does not 
completely describe the data, we shall nevertheless 
refer to the shape by this name. 

A single Gaussian is not a satisfactory representation. 
We may, however, obtain a simple analytical expression 
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Fic. 8. Comparison of the shape of the F band at two temperatures with a Lorentzian curve. The scale is arbitrarily adjusted so 
that the half-widths occur at the same points. The vertical line corresponds to the peak and illustrates the nonsymmetry of the F band. 


for a by using two Gaussian curves, one for €>€m, 
and another for e<ém. This is the double Gaussian. We 


now obtain the following experimental representation 
of the F band: 


a(€) =am exp{ —a,?(e—€m)?} for €>€m 


=am exp{ —a,?(e—€m)?} for e<ém, 


(2) 
(2a) 
a,= (2.19/H)[In2}}= (1.82/H). (2b) 


Analytical expressions for ¢», and H will be given in 
the next section. a» can be calculated from the concen- 
tratidn by means of Smakula’s equation. Eq. (2) is 
a good “experimental equation” which breaks down 
only at em (Fig. 6). The equation is a better description 
of the curve on the violet side than on the red. While 
Eq. (2) can be improved by the addition of more ad- 
justable parameters, the authors believe that it is more 
reliable than a limited number of absorption measure- 
ments. We stress that the equation applies only to the 
“pure” F center absorption in KCl (the K band is 
subtracted). 

Before leaving this section, we should like to consider 
the accuracy of the data. We note that H is determined 
from the points where a/am >} and a change in the base 


where 
ay= (1.84/H) [in2}= (1.53/H), 
and 


line will not have a major effect. m is determined by 
the tails of the F absorption (Fig. 7). In general, bands 
underneath the F will distort the tails and have a major 
influence on this “area.”” Measurements have been 
made on crystals which were poorly quenched. In this 
case, there is little relation between H and m (Table 
III). Column 13 of Table II, however, indicates that 
the ratio of H to m is constant, and approximately 
the expected theoretical value. This, we believe, is a 
very good indication that the procedure used here is 
valid. This includes our method of getting the data 
and its treatment. A critical step in this whole experi- 
ment is the preparation of the crystal. This was to be 
expected from previous measurements on the properties 
of the F center. Our procedure of preparation is 
identical with that of Becker and Pick,” hence one sus- 
pects that our centers will give pure F luminescence. 


IV. ANALYSES 
(1) H vs 6 


In Fig. 1 we compare various reported values of 
H. Differences of the order of 0.005 ev are to be ex- 


%K. Becker and H. Pick, Nach. Ges. Wiss. Gottingen IT, 
1956, 167. 

% C, Z. van Doorn and Y. Haven, Philips Research Repts. 11, 
479 (1956); W. D. Compton and C. C. Klick, Phys. Rev. 110, 
349 (1958); E. Burstein and J. J. Oberly, “Low Temperature 
Physics,” Natl. Bur. Standard Circ. No. 519, 285 (1952). 
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Fic. 9. Comparison of the shape of the F band with the Gaussian and the Pekarian shape. 


pected, depending on the method used to obtain the 
“base line.” Differences of the same order will occur 
depending on the history and purity of the sample. 
The H determined by the same method on two samples 
colored by the identical process vary by 0.002 to 0.004 
ev. These two corrections do not account for the dis- 
crepancy shown between our data and the study of 
Mollwo, of Russell and Klick, and of Kanzaki.” Van 
Doorn and Haven report only one significant figure. 
Kanzaki reports his values to three significant figures. 

The simplest theory (reference 4, and reference 8, 
Sec. 10) gives the following relation: 


m?= hu? S coth[ (fiw/2k8) | (3) 


where S is the Huang Rhys factor, w is the effective 
phonon angular frequency (ground state), and 6 is the 
absolute temperature; while # and & have their usual 
meaning. In view of the measurements given in Table 
II we replace m by H/2.50 and write; 


H?(0) = H2(0) coth(fhiw/2k6) , (4) 
where 


H(0) =2.50haS?. (5) 


77 Kanzaki, Phys. Rev. 110, 1063 (1958). He suggests that his 
data agree with that reported in reference 7. Our comparison of 
the published values does not support his conclusion. 


We obtain H(0)~+H(4°K) directly from Fig. 1; 
hence, there is only one unknown w. The data should 
answer two questions: (a) Does relation (4) hold and; 
(b) What is w? To answer these questions we plot 
coth—[H?(@) /H?(0) ] against 1/@. The result is given 
in Fig. 10. At some temperatures a great many values 
have been taken, and the average of H is known. At 
others, only one value has been measured. The vertical 
lines, therefore, represent our best judgment as to the 
uncertainties. The uncertainty increases as 0 approaches 
zero, since H?(@)/H?(0) approaches unity. Because of 
the uncertainty in H due to the history of the crystal, 
one may not extend this curve to temperatures below 
45°K. 

We conclude from Fig. 10 that Eq. (4) truly repre- 
sents the temperature variation of H, and we find no 
measurable deviation from this equation. One may show 
that if two frequencies are important for the broadening, 
or if a temperature independent term should be added 
to (4), that it could be detected on the plot shown in 
Fig. 10 (reference 8, Sec. 11). We hence conclude 
that no effects such as proposed by Meyer” exists. 
Further, only modes of a single frequency affect the F 
center. From this data we are unable to decide on the 
number of modes. The frequency, however, is measured 


2° H. J. G. Meyer, Physica 20, 1016 (1954). 
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5 0.169 
78 0.194 
200 0.276 
300 0.356 








from the slope. This gives w=2rX2.96X10" sec! 
and an S value of 28.4. By using these values, we 
obtain the expression; 


H=0.163[coth(71.0/8) }}. (6) 


The important region in which to test Eq. (4) (for 
KCl) is from about 300°K to 45°K. Above 300°K, 
the hyperbolic cotangent equals the reciprocal of the 
argument, i.e., the hyperbolic function does not really 
play a significant role. We believe that our method of 
plotting the data emphasizes the region between 300 
and 45°K. Below 45°K the temperature variation is 
comparable with variations of H which occurs from 
sample to sample and H(@)/H(0) cannot be determined 
completely accurately. This uncertainty combined with 
the nature of the hyperbolic cotangent gives a large 
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graph the frequency of the local modes is determined. 
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Fic. 11. Variation of the half-width as a function of tempera- 
ture. The dashed curve shows that the linear variation starts 


above 200°K and passes through the origin as required by the 
asymptotic expansion of Eq. (4 


uncertainty in the y axis below this temperature on this 
type of plot. We may not use this type plot below 45°K 
for the F center in KCl. Similar problems exist on any 
type of plot though they may be less apparent. 

Russell and Klick’ used a different type of plot. 
In Fig. 11 we present our data in this form since such 
plots have appeared several places. Note that the data 
gives a straight line only at high temperature (above 
200°K), and it is difficult to judge whether the de- 
parture from a straight line is given correctly by 
Eq. (4). 

(2) €m Vs 0 


From Fig. 12, the following expression has been ob- 
tained for the peak absorption in ev: 


€m= 2.340—0.027 coth(71.0/8). (7) 


y 100°K 200°K 
2.4 ay . 
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Fic. 12. Variation of the peak wavelength of the F band as a 
function of temperature. From the slope of this curve the em- 
pirical constants of Eq. (7) are derived. 
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One may relate the second term to a change in fre- 
quency of the ground and excited states and assume 
that the thermal expansion has no effect on €m. Using 
this assumption we may obtain (reference 8, Sec. 10): 


ém= const+ hAw coth(hw/2k0). (8) 


Here Aw is the difference between the sum of the angu- 
lar frequencies of all the modes in the ground and ex- 
cited states. If only one mode interacts strongly with 
the trapped electron, Aw is the change in frequency of 
this single mode and for the theory to hold Aww. 
If m modes interact, Aw is a sum over all the modes and 
Aw<nw. Using —0.027, it follows that Aw=—2rX 
1.3X 10" sec“. This value is unreasonable if only a single 
mode is causing the broadening, as is sometimes sug- 
gested. It is reasonable, however, if one assumes that 18 
(number of nearest nieghbors times three) or more 
modes enter into the problem. Russell and Klick® used 
an alternate method to estimate Aw and obtain a very 
small change in the effective frequencies of the ground 
and excited states. A direct relation between their 
results and ours is impossible unless m is known. We 
regard the interpretation of Eq. (7) given here as 
tentative. 


V. CONCLUSIONS 


First a list is made of experimental facts, then a 
second list is given which is in the realm of speculation. 

(1) In nonstrained crystals of moderate purity, a 
unique F center is formed. The absorption shape is 
independent of the way it is produced. Slight varia- 
tions occur because of the past history of the sample” 
(see A, Sec. I). 

(2) The F centers produced by additive coloration are 
completely stable in the dark at room temperatures and 
below (see B, Sec. I). 

(3) Aging in the dark does not produce coagulation 
bands (M, R, N, etc) or colloids (see B, Sec. I). 

(4) Our measured absorption concerns processes 
which involve only two bound states; otherwise, we 
would not have obtained such a simple H to m relation. 

(5) m= cH, where c is independent of @ (c=0.40). 

(6) € approximately equals ém(€=€mn+0.015 in ev). 

(7) Mo is temperature independent. 

(8) amH is porportional to My; this establishes 
Smakula’s equation experimentally (a,=1.04) (see D, 
Sec. I). 

(9) The shape below 373°K is independent of the 
temperature. 

(10) The shape is nonsymmetrical but can be approxi- 
mated very well by two Gaussians. 


29 We have not studied centers made by radiation which could 
directly knock ions out of their lattice sites, those made from U 
centers, nor those made by electron injection. We believe these F 
centers will be identical with those described here. This is only 
an assumption which should be checked. Compton’s value (see 
Fig. 1) was obtained on crystals colored by 50 kv x-rays and 2 
Mev electrons. The value of H remained the same. This supports 
our conclusions. 
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(11) Eqs. (2), (4), and (7) give a reliable descrip- 
tion of the absorption associated with the F center. 
Combined with Smakula’s equation, we may calculate 
a(e) from the concentration and the temperature pro- 
vided we have a reliable value of the oscillator strength 
(see F, Sec. I). 

(12) Eq. (3) holds with w=22(2.96) X10" sec", 
and S=28.4. 

(13) Eq. (7) holds for én. 

(14) « to first order, is temperature independent 
(see E, Sec. I). 

(15) The following empirical relation exists: 


(8) 


(mH"*!) + J (e—é)"a(e)de= const. 


The constant depends on the integer m but not on @. 
ém has been replaced by é. This follows from Fig. 8. 
Using (1) and (4) we may write (8) in the form: 

[(c—2)a(6)de= K(n) coth(hun/2h0), (9) 
where K is a function of m and the temperature only 
arises through the hyperbolic cotangent. 

We now list the conclusions which are of a slightly 
speculative nature: 

(a) The F center is in a perfect lattice no matter 
how it is made. This is the only explanation we have 
been able to find for the consistency of H (Table I). 
What will be the effect of a lattice distortion right 
around the F center? If we are dealing with local 
modes, w is in the forbidden gap and the frequencies of 
these modes will not be greatly affected by a distortion. 
The way the ions are displaced, and the wave function 
in the excited state will, however, be affected. This 
means a change in S, which would have been detected™ 
(for a complete definition of S, and an analysis of the 
problem, see the Appendix). 

(b) The F center is mainly influenced by local modes 
which are more than one in number. We arrive at this 
because of the values of w and Aw. 

(c) We believe that Pekar’s explanation of the shape 
of the F band at low temperatures is correct (reference 
8, Sec. 9).*! Higher order terms must be added to 
explain the shapes at high temperatures. This conclu- 
sion is somewhat weak because it fails to explain why 
the shape is temperature independent. It seems, how- 
ever, to be the only appropriate one in view of the theory 
and data. 

(d) The thermal shift in the peak position is ex- 
plained in terms of a frequency change (reference 8, 
Sec. 10), i.e., —0.027 of Eq. (7) is really an effect due 


30There are several experiments which can most readily be 
explained in terms of centers which are close together. We do not 
question these experiments or their interpretations, but point 
out an essential difficulty which at present has not been resolved. 

31 Pekar assumes that Aw=0; this is only approximately true 
as can be seen from Eq. (7). The positions of the emission data 
also suggest this (reference 8, Secs. 9 and 10). 
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to a frequency change between the ground and excited 
states. This means that € is not simply a function of 
the interionic distances as has been suggested in the 
past. The thermal change of €m between 4° to 300°K 
is about a third of that obtained in going from one 
alkali halide to another.” 

(e) Sources for the creation of negative-ion vacancies 
exist, and play a role in x-rayed, and in additively 
colored crystals. While the F center is in a nearly per- 
fect environment [(a) in the foregoing], it is slightly 
influenced by the sample’s past history and purity. 
We could not explain these deviations if the center for- 
mation only involved the perfect lattice. 

The difference between (a) and (e) is the proximity 
of the vacancy source. It must be at least four or five 
lattice sites away. This means that vacancies make 
quite a few jumps during F center formation (even 
at 4°K) which is most difficult to understand. 

We believe that the major conclusions, the first set 
(1 to 15) are on firm ground about which there can be 
little question. The authors are well aware that some 
experimental data exist that do not agree with the 
second list (a) to (e). This list, however, seems to be 
the only possible one at this stage of the development 
of our knowledge. 
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VI. APPENDIX 


Here an argument is presented to indicate why we 
believe that a distortion of the lattice will influence 
H(0) but not w. Most probably the modes which 
influence the F centers are the local ones which cluster 
about negative-ion vacancies. In a linear chain one 
may show that these modes are in the forbidden gap.* 
The concept of a “forbidden gap” can not be applied 
to the actual modes of an alkali halide without modifi- 


2 Tvey’s relation [H. T. Ivey, Phys. Rev. 72, 341 (1947)] holds 
very well for the F center in LiF, NaF, KF, NaCl, KCl, KBr, and 
KI when e, is measured at 4°K, and the standard interionic dis- 
tances are used; F. Seitz, Modern Theory of Solids (McGraw-Hill 
Book Company, New York, 1940), p. 52. 

33 Mazur, Montroll, and Potts, J. Wash. Acad. Sci. 46, 2 (1956). 
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cations. Nevertheless, we expect that the frequency of 
the local modes is confined to a small region between 
the optical and acoustical branches. Hence, the presence 
of a point imperfection near an F center will not greatly 
influence w of Eq. (3). 

The authors believe, however, that S will be sensitive 
to nearby point imperfections. To show this, we require 
the development of reference 8. S, of our Eq. (3), has 
the form: 


S= (2het))le?, (10) 


where we are using an effective frequency. If the q;’s 


are the coordinates associated with the local modes, 
then; 


(11) 


a= { (@V /0q) (4,44) dr. 


Here V is the potential in which the trapped electron 
finds itself; the g,’s have the dimension of length 
(mass)!, while ¢, and ¢, are the upper and ground state 
wave functions. To obtain Eq. (11) Feynman’s theory 
has been used. 

(9V/dq;) acts like a generalized force and may for 
some region in space have a r~ dependence. The authors 
believe that (0V/dqg;) and @, will not be very sensitive 
to a nearby imperfection, although the relation be- 
tween the q’s and the ionic displacements may be 
slightly affected. ¢. spreads over five lattice sites and 
will be greatly influenced by imperfections surrounding 
the negative-ion vacancies. We, therefore, believe that 
an imperfection close to an F center will lead to changes 
in ¢; of at least several percent. In view of Eq. (10), 
this means a change in H(0) of several percent as well. 
Table I indicates that one would require a series of 
measurements to be certain of the value of H to 2% 
but that such accuracies are possible. 

Actually, we would expect ¢, to change appreciably 
if there were a point imperfection within three to five 
lattice distances. H will vary more than 2 or 3% and 
our measurements would readily detect the change. It 
is important to remember that the excited wave function 
is involved in H(0). Of course, if only a small fraction 
of the negative-ion vacancies are near imperfections, 
our technique of measurement will not detect them. 


Note added in proof.—An analysis of the data of Fig. 
10 by the method of least squares would not fit the 
curve as drawn unless each point were individually 
weighted. This graph was therefore drawn subjectively 
and is the “best” line in the authors’ opinion. 
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Theory of the Heat of Transport of Electrolytic Solutions* 
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The limiting concentration dependence of the heat of transport of an ionic component of a dilute solution 
of electrolyte is determined. The theory is based on recasting the Bearman-Kirkwood statistical mechanical 
expression for the heat current into a form linear in the particle diffusion currents and identifying the co- 
efficients with the heat of transport. Ion-ion interactions are treated exactly to order ct by using a non- 
equilibrium correlation function determined from the Debye-Hiickel radial distribution function by Brown- 
ian particle theory. A hydrodynamical model is employed for the analysis of the effect of ion-solvent interac- 
tions. Indications are that the latter contributions are often, but not always, negiigible. There is accord 


between the theory and experimental data. 





I. INTRODUCTION 


EEBECK’S measurements of the thermoelectric 
potential in a metallic circuit were the first re- 
corded systematic observations on an irreversible heat- 
matter cross effect. Since that time (1824), other 
manifestations of these effects, such as thermal diffu- 
sion, the Soret stationary state, and the Dufour effect, 
have been the object of extensive research. Agar has 
reviewed the field, emphasizing the behavior of electro- 
lytic solutions.! 

In describing the afore-mentioned processes one may 
use, equivalently, the heat of transport, the trans- 
ported entropy, the thermal diffusion ratio, the Soret 
coefficient, or any of a number of quantities which are 
all related. The heat of transport was first introduced 
by Eastman in his quasi-thermodynamic studies of 
thermal diffusion. The utility of this quantity in a 
systematic formulation of irreversible thermodynamics 
from the point of view of the linear laws and reciprocal 
relations is brought out in the monograph of DeGroot.? 

Recent years have witnessed several important 
developments in the field of heat-matter cross effects. 
On the experimental side Agar and co-workers have 
developed three independent means of measuring the 
heat of transport of electrolytes in the range of ap- 
plicability of limiting laws. Further details of these 
techniques are discussed in Sec. 9. 

Of more direct relevance to the present work is 
Bearman, Kirkwood, and Fixman’s calculation of the 
heat of transport of a nonelectrolyte in solution.’ Their 
formulation is based on more comprehensive principles 


rt ~* Based in j ont ah on a dissertation submitted by Eugene Helfand 


“sya f ent of the requirements for the degree of Doctor 
at Yale University. 
of Plesophy Science Foundation Predoctoral Fellow, 1955-1958. 
t Posthumously. 
1y N. ay aay Pure Appl. Chem. 8, 1 (1958). 
root, Thermodynamics of Irreversible Processes 
(Novth Holland Publishing Company, Amsterdam, 1952). 
3 (a) Bearman, Kirkwood, and Fixman, Advances in Chemical 
Physics (Interscience Publishers, Inc., New York, 1958), Vol. 


I, p. 1. 
3(b) R. J. Bearman and J. G. Kirkwood, J. Chem. Phys. 28, 
136 (1958). 


of statistical mechanics than earlier lattice theories 
[the lattice theories** amount to a neglect of the differ- 
ence between singlet and pair space velocities (cf. 
Sec. 2) and an approximation to the remaining terms ], 
and serves as a basis for the extension to electrolytic 
solutions. 

Although Bearman, Kirkwood, and Fixman adopt a 
semiphenomenological approach in their paper, the 
same results may be obtained by application of Brown- 
ian motion theory, and it is the latter scheme which we 
shall employ. There are two new difficulties which 
arise. The first is that the Fokker-Planck-Chandresek- 
har equations, from which a statistical theory of the 
phenomenological coefficients can be derived,® is an 
equation applicable when there are mostly small 
momentum changes in a force relaxation time,’ and 
is therefore not obviously suited for systems containing 
ionic components. This problem has recently been ex- 
amined and it is found that the obstacle can be sur- 
mounted by treating the short range and the long range 
forces separately. The former give rise to the usual 
dissipative terms with friction constants which are 
autocorrelation functions of the short range part of the 
forces only. Poisson’s equation provides a means of 
handling the long range Coulomb forces. In this way 
one obtains equations equivalent to those employed by 
Debye, Hiickel, Onsager, and Falkenhagen in their 
formulations of the limiting laws for conduction, 
diffusion, and viscosity. 

A second predicament is that the ion-solvent inter- 
action effects cannot be treated solely by means of the 
method outlined in the previous paragraph. Thus, in 
the theory of conduction and diffusion one must 
introduce an electrophoretic drag. So, too, in the theory 
of the heat of transport it will be found that the ion- 
solvent effects require special attention. This problem 
has not been completely solved, but the analysis in 


4K. Wirtz, Ann. Physik 36, 295 (1939). 

5K. G. Denbigh, Trans. Faraday Soc. 48, 1 (1952). 

6 J. G. Kirkwood, J. Chem. Phys. 14, 180 (1946). 

7 Reference 6; and John Ross, J. Chem. Phys. 24, 375 (1956). 
8 E. Helfand, ” dissertation, Yale University (1958). 
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Sec. 6 indicates that contributions are small for many 
salts of interest. 

After a brief review of the pertinent principles 
of the statistical mechanics of irreversible processes 
and of the phenomenological theory of heat-matter 
cross terms, we shall present the details of the calcula- 
tion of the heat of transport of strong electrolytes. As 
with many other properties of ionic species, a c# (c is 
concentration) limiting behavior in dilute solutions is 
found. It is this limiting slope which will be specifically 
calculated. 


2. STATISTICAL EXPRESSIONS FOR IRREVERSIBLE 
FLOWS 


Ensemble theory may be profitably applied to 
systems either in or out of thermodynamic equili- 
brium. Explicit calculations divide into two parts. The 
first is the formulation of expressions for the desired 
properties as tractable functionals of low order distri- 
bution functions and the molecular properties. The 
second is the determination of the required distribu- 
tion functions. The former task has been performed 
with about equal success for equilibrium and steady- 
state systems and this section presents aspects of this 
previous work which are relevant to the heat of trans- 
port calculation. Details may be found in another 
reference. 

The system under consideration is composed of » 
ionic species, in numbers Ni, +++, N,, and No solvent 
molecules. Each ion is envisioned as a hard sphere 
charge so that its microscopic state is specified by three 
dimensional position and momentum vectors. The 
solvent molecules will be viewed as point dipoles so 
that two additional degrees of freedom are relevant. 
These are specified by a directional vector, for ex- 
ample e,, a unit vector in the direction of the dipole p, 
and the conjugate angular momenta (which will not 
enter into the calculation). 

In the treatment of electrolytes in solution, certain 
phenomena can be taken into account by considering 
the solvent as a dielectric continuum. The hypothesis 
is that the effect of preferential orientation of solvent 
in the neighborhood of an ion can be emulated by 
introducing a dielectric constant into the mutual inter- 
action potentials, Vag. This is done after the statistical 
formulas have been integrated down to pair space. 

Statistical mechanically, the properties of the system 
are described by generic distribution functions, fag, 
in the space of pairs. For a and 8 ionic fag (11, Te, Pr, 
P2) d*r,d*red*pid*p» is the probability of simultaneously 
finding a particle of type a within d*r,, d*p, of the state 
TY, Pi and one of type 8 within d*r2, d*p. of fe, Po. 
No time dependence is indicated since consideration 
will be limited to stationary states. The distribution 
functions foo (11, Te, Cue, P1, P2) and foo (1, Cw, Te, 
€,2, Pi,"P2) contain dependency on the orientation of the 
solvent. 
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An integration of fas over fe, Pz, that is over the 
possible states of 8, yields the singlet space generic 
distribution function f.. 

If fas is integrated over momenta p; and pz, the 
pair space concentration, cag, results. A further inte- 
gration over position of 6 yields the ordinary particle 
concentration, cz. For a=0 (solvent) an integration 
over orientations, @,1, is required to obtain c(r1), but 
in the absence of external fields ¢o(11) =4aco(T1, @,1). 

For the description of pair space concentration, it 
is convenient to introduce a correlation function, 
Zas, by means of the equation Cas = Ccacpgap™. 

The particle diffusion currents, j., which have magni- 
tude equal to the average number of particles of type a 
crossing unit normal area per unit time, are related to 
the average velocities, and are given by 


j= ca(Ue—U) =f (1/me)(Pr— matt) fa APs. (2-1) 


The mass average velocity, u, is 


u= Lmacata/ Lats 


(2.2) 


Similarly, a pair space particle diffusion current 
may be defined by 


jap. = Cap (Uap: —U) 


= [[(4/me)(P—med)fas EPP (2.3) 
Physically, the pair space velocity Ugg. is the average 
velocity of particles of type @ at r, (with orientation 
€,: if solvent) when a particle of type 6 is at rz (with 
€,2). The subscript 1 of jasg,® and Ugg: indicates that 
the vector is in the space of the particle at r. 

The heat current density, q, by definition is the 
total energy flow (relative to the mass average ve- 
locity) less the diffusive flow of energy and work. 
This latter part which is subtracted off for convenience 
of the thermodynamic theory is 


Dial EA pia) = DY jFa, 


where E,, d2, and H, are, respectively, the partial 
molecular energy, volume, and enthalpy, and # is the 
pressure. 

Irving and Kirkwood® derived a statistical expres- 
sion for the heat current density of a pure fluid by 
comparing the equation of energy transport obtained 
from macroscopic considerations with that gotten 
from the Liouville equation. Bearman and Kirkwood® 
have generalized this result to mixtures. The form of the 


9J. H. Irving and J. G. Kirkwood, J. Chem. Phys. 18, 817 
(1950). 
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heat current density appropriate to the present prob- 
lem is 


q=4x+q7— Viele, (2.4) 
a=) 


a= >> f (1/2me) (pr—mat)*(Pr— mat) 
a=) 
Xfa™ (t1, Pi) apr, 
v= (Gy) ion-ion+ (Gy) ion-sotv-+ (Gy) sotv-solv, 


(2.5) 
(2.6) 


(Ar) toasien=4 3 D> [ LVaa(r) 1-2, Va(0)] 
a=] p=1 
*Jas.1 (11, To) er, 


(Qn oan =B D ff CVC €)1—1V,Ve0( 4, €)] 


(2.7) 


*Cie01” (ri, fo, e,) + joaa™ ( YT, Te, e,) jrée,, 


(Gy) sutv-sotv 
=} i bf f [Voo(r, @u1, €2)1—£V-Vao(8, @,1; Cy2) ] 


(2.9) 


where these equations are to be applied with the 
dielectric continuum approximation. 

The vector qx is the mean kinetic energy current 
density. The flow qy arises directly from the mutual 
interactions. Each of its integrals has two parts. The 
term containing the potentials V.g represents the mean 
flow of potential energy crossing unit surface with the 
particles. The portion with the forces, V,Vas, arises 
from work done by particles on one side of a unit sur- 
face on those located on the other side. This results in a 
flow of work, or, equivalently, energy, across this 
surface. 


(2.8) 


*§oo.1 (Ti, 2, Cur, Cue) Prd’e,:d"e,2, 


3. PHENOMENOLOGY OF HEAT OF TRANSPORT 


The heat of transport§ of component a, Q.*, may be 
operationally defined in two seemingly different ways. 
This duality is a consequence of the Onsager reciprocal 
relations. 

The first definition refers to a system in mechanical 
equilibrium (Vp+ > caXa=0, where X, is the external 
force on a particle of type a) and in a Soret stationary 
state (all particle diffusion currents equal to zero). 
Under such conditions the gradients of total chemical 
potential are related to the temperature gradient by 
the proportionality 


Vrila= —Qa*V InT. (3.1) 


§ Our Q,* is not DeGroot’s Q,* (reference 2). It is similar to 
his Q,.** except that ours is on a per mole, rather than a per gram, 
basis, and is not defined relative to a reference component. 
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The total chemical potential, fi., is equal to a chemical 
part plus the potential of any external force. The 
symbol Vr indicates that the gradient does not include 
that part due to the functional dependence of fi, on T, 
so that 


Vrila= Vila— (Opte/9T) »,rVT, 
=Va.+T8,V InT. (3.2) 


The Gibbs-Duhem equation for a system in me- 
chanical equilibrium is 


dtaV rila=0, (3.3) 


which may be combined with Eq. (3.1) to yield the 
relation 


Yicaa*=0. (3.4) 


The above definition, or its extension to systems 
with diffusion, serves as the basis for most experimental 
determinations of the heat of transport. It may also be 
employed in a theoretical development. Work is being 
done at present on this aspect of the problem, but the 
tack adopted in this paper revolves about an alter- 
native picture of the heat of transport. 

In a system in which no temperature gradients exist 
the heat flow is given by 


q= »0«*ja. (3.5) 


Since the particle diffusion currents are not linearly 


independent [cf. Eqs. (2.1) and (2.2)], the further 
condition 


LaQa*=0 (3.6) 


is required to complete the unique specification of the 
heats of transport. 

Comparison of Eqs. (3.5) and (2.4)—(2.9) indicates 
that if the latter equations can be cast into a form 
linear in the singlet space particle diffusion currents, 
then the coefficients will be statistical expressions for 
the heats of transport providing they are chosen to 
satisfy the restraint of Eq. (3.6). 


4. KINETIC ENERGY CURRENT 


A very simple estimate of the kinetic energy current 
may be obtained by assuming that the singlet space 
distribution function is locally Maxwellian; i.e., 


fa (T1, Pr) =[ea(t1)/(2rmekT)*] 
-expl — (Pi—mqUa)?/2makT]. (4.1) 


In this case, one finds that to terms linear in diffusion 
currents 


axc=$kT > ja, (4.2) 


A somewhat more sophisticated derivation of this 
result® may be based on the Fokker-Planck-Chan- 
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dresekhar equation adapted for ionic species. The 
right-hand side of Eq. (4.2) is the initial term in a 
series expansion in the reciprocal of the friction con- 
stants. 

In condensed systems, kinetic terms of totally 
dissipative processes are very small. The contribution 
of Eq. (4.2) to the heat flow is exactly balanced by 
the ideal gas part of the enthalpy, which, according to 
Eq. (2.4), must be subtracted off. 


Ss. FLOW (qv) ion—ion 


The problem of obtaining an expression for qy which 
is linear in the singlet space particle diffusion currents 
is seen to be equivalent to the problem of writing 
jas; as a linear form in the j,’s. The latter desi- 
deratum was already encountered in the development 
of the theories of diffusion, conduction, and viscosity. 

According to the Brownian motion theory, for a and 
8 both ionic components of an isothermal system, one 
has (cf. Appendix 1) 


jas a” = Cap? [ (Ue— u) +D2PV+( gap? ( r) / Sap? (r) ) 


+ (zaeDa®/kT) Vids? (—1)], (5.1) 
which is correct to terms linear in nonequilibrium 
quantities. D,° is the self-diffusion coefficient of ion a 
in an infinitely dilute solution, while z,¢ is its charge. 
The vector separation r is equal to f2—Tf. 

In this equation, the correlation function, gas”, 
has been considered as being equal to its equilibrium 
value (the radial distribution function) plus a non- 
equilibrium part; i.e., 


gap (Tf) = gas? (r) +ga8? (4). (5.2) 
The electrical potential at a point located at —r 
from an ion of type 8 at fz has similarly been split 
into an equilibrium and nonequilibrium part, 
3 (—1) =4g2(r) +4g%(—2). (5.3) 


Both $s and ¢s° satisfy a Poisson’s equation so that 
the difference satisfies the relation 


Vi7bp'? (— £) = -—- (4re/e) Dec (—r), (5.4) 


where ¢ is the dieiectric constant. 

Equation (5.1) for the pair space particle diffusion 
currents may be obtained* from the Fokker-Planck- 
Chandresekhar equations in singlet and pair space. It 
has been derived previously by an ad hoc extension to 
molecular species of the theory of the motion of a 
Brownian particle.” The equivalence of the form of 
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Eq. (5.1) with the previous results is demonstrated in 
Appendix 1. 


By reversing the roles of a and 8 in jag, and re- 
placing r by —r an expression for jag. is obtained. 

Equations for the unknown function gag?”/gag? 
are derived by combining Eq. (5.1) with the pair 


space equation of continuity, which for a stationary 
state may be written 


Vea bap 1 +Vr2* jas. = 0. (5.5) 


In the resulting expressions, some terms may be 
neglected since they lead to higher ¢ order contribu- 
tions to the transport properties. These terms are 
recognized by their order in the ionic charge.” The 
final set of »? coupled equations is 


(D.°+ De) VLgas® (1) /gap? (7) ] 
— (4ne?/ekT) Deer Da®tel go? (—1)/gor? (1) ] 


+DpepL gay"? (£)/gay?(r) J} 
7” (Us—Ua) “Vz Inges?, a, B=1, +++,» (5.6) 


A solution may be sought in a spherical harmonic 
series. There obviously is no azimuthal dependence. It 
appears from Eq. (5.6) and the boundary conditions, 
which we shall subsequently state, that only the cos@ 
term is nonvanishing. Thus, let us assume that 


(Da’+De") (gas? (¥)/gap* (r) ]J=Yap(r)€r°@z, (5.7) 


where the positive z axis is taken in the direction of q 
(we restrict considerations to unidirectional macro- 
scopic flow). The insertion of the constant D,°+D,° 
and the spherically symmetric gag (r) is convenient 
and innocuous. 


Rewriting Eq. (5.6) in terms of Yas, one has 
(dPap/dr*) + (2/r) (dpap/dr) — (2/1?) Pap 


— (4ne?/ckT) LevrLto(D#/De+Dy) der 


—%a(D.°/DP+D,") py] 
=e€,° (Ug— Ua) (2a%ge*/eRT) e-* (1+-«r) /r?, (5.8) 


where also the Debye-Hiickel radial distribution func- 
tion 


Sap = exp — (zazpe*/ekT) (e*/r) J 
= (4ne/ekT) Deas, 
[N.B., «=0(c) ] has been inserted. 


(5.9) 


10H. S. Harned and B. B. Owen, The Physical Chemistry of 
Electrolytic Solutions (Reinhold Publishing Corporation, New 
York, 1958), Chap. 2. 
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The correlation function in both equilibrium and 
nonequilibrium systems approaches unity at large 
interparticle distances. One boundary condition which 
the perturbation part must satisfy, therefore, is 


limypas(r) =0. (5.10) 
roo 

The second boundary conditions in problems such as 
this is often based on a hydrodynamic requirement." A 
somewhat simpler condition, which will serve to deter- 
mine the lowest order terms in x depends on the require- 
ment that the perturbation part of the correlation func- 
tion not blow up as the concentration of electrolyte 
becomes small. This boundary condition is applied by 
setting equal to zero terms in Wag which go as 1/x for 
x—0; mathematically, 


limpap< ©. (5.11) 
0 

Before considering a solution let us note that Poisson’s 
equation, (5.4), indicates that the form of the per- 
turbation to the local potential is 


ba? (n) = — (4re/e) LertLen(e) /(DL+D,) Jere, 


(5.12) 
which leads to the equation 


(d*Xax/dr*) + (2/1) (dxay/dr) — (2/4?) Xay= Say ay: 
(5.13) 


The boundary conditions on xq, are identical with those 
imposed on Way for similar reasons. 

In Appendix 2, Eqs. (5.8) and (5.13) are solved to 
the desired degree of accuracy to obtain expressions for 
the y’s and ’s of ionic species as linear functions of the 
singlet space velocities. Insertion of these results renders 
the pair space velocity in the form, 

De+De "Lr ee, 


dntat*Da' < CyBy [= (2 mr) 
«| XO%g 4 ( SXOr_ Xbox 
ekT  =1 Dp+D)" r B! dr rr sag. 


jap: = Cap?” (Ua—U) 


2 D. ip [es 


iF) 


ae 
TT 





(5.14) 
which is linear in singlet space velocities. 
Appendix 3 demonstrates that this leads to a heat 
current density 


(Ap) wena LL Zico +0(€) He (5.15) 


has [(Veo—¥rVes') tas 4nridr, (5.16) 


11 Reference 3(a); reference 10, p. 156. 
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where a is the ion radius (which enters only as «a? 
and higher order terms). The term with the / integrals 
comes from the first term on the right-hand side of 
Eq. (5.14). It is quasi thermodynamic in the sense that 
it involves averages over the equilibrium ensemble. 
The r dependent parts of the pair space velocity con- 
tribute only terms of order «? to the heat of transport. 


i 6. FLOW (qv) ion—solv 

A detailed knowledge of the equilibrium ion-solvent 
correlations would be required for a Brownian motion 
treatment paralleling that of the previous section. 
Lacking the ability to perform this more rigorous 
treatment, we shall attempt to obtain as much informa- 
tion as possible from a simplified model. 

We seek joo? (Tr, e,) and jao2 (Tiz, e,). Let us 
first assume that the fixing of a solvent molecule in the 
neighborhood of an ion instead of averaging over this 
solvent’s position does not significantly affect the ions 
velocity so that 


joo = cao (Fiz, &x) [Ua—U J. (6.1) 


This approximation is in keeping with a continuum 
picture of the solvent. 

To determine the pair space velocity of a solvent 
molecule near an ion we adopt the hydrodynamical 
model used by Debye and Hiickel to calculate the 
electrophoretic force." The solvent is viewed as a uni- 
form continuum of viscosity 7 (orientation dependen- 
cies are thus smoothed). The ions are charged spheres of 
radius 5,, which may include a solvation shell. To 
lowest order in electrolyte concentration U.o,2° may be 
equated to Uso1+Va, where V(r) is the relative 
average velocity of a volume element located at r 
with respect to ion a. 

The velocity V. may be found as a solution of the 
Navier-Stokes equation, 


nVXVXVa= —Vp+Ka. (6.2) 


The exact nature of the local pressure, p(r), need not 
concern us. The average volume force on the element is 
given in terms of two particle average forces by 


K,(r)= oe a) 2”. 
y=0 


In the bulk of the solution K, vanishes so that 


LaF” =(, 
y=0 


On assuming the solvent is uniform and approximating 


the pair space forces by their singlet space values, we 
have 


(6.3) 


(6.4) 


Ke Salet?—OR. (65) 


2 P, Debye and E. Hiickel, Phys. Z. 24, 305 (1923). 
18 Reference 3(a), Eq. (IV.4). 
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The singlet forces may be written, to lowest order in x, 
as the negative of the ion-solvent friction constant times 
the relative singlet velocity of ion and solvent. Thus, 


Kien Deats?(gar® —1)(u,—wUp), (6.6) 
y=1 


f,°=kT/D,, 


into which the linearized Debye-Hiickel radial distribu- 
tion function may be inserted. 

The Navier-Stokes equation is to be solved together 
with the pair space equation of continuity, which, for a 
uniform fluid in a stationary state, is 


V-va=0. (6.7) 


The first boundary condition is the asymptotic one 


limV_= Up— Ug. (6.8) 


ro 
The other boundary condition has its origin in the 
requirement that the viscous fluid will not slip at the 
ion sphere, so that 
v(b.e,) =0. 


Solution of these equations” and a transformation 
from r to —r yields, when e~* is expanded as 1—xr,|| 


joa caf| (aw) +e, (t—u,) 


4a ae x 3be ba: 
1 . Litreg 7’ (Uo—U,) fe cose si S435) 


6rnkekT y=) 
ofr ENN] G65 


The product of inserting the pair space particle 
diffusion currents (6.1) and (6.9) into (qv) ion-soiv iS 


(qv) jon-solv— 22 chai 
+2 (cain caje) [Aart «(2atst/Orn) A), (6.10) 
hao=4 | [Veo (1/3) (0/87) Ve ]gua®draey, (6.11) 


Aa=3 ff {CVa0~ (r/3)(8/ar) Veo] 
[1 (3ba/21) + (b/2F)} 
+4Val (be/1)— (bat/7) ges Pree, (6.12) 


eA = (4re?/ekT) are (6.13) 


|| Equation (6.10) is obtained from either Eq. (6.9) or its pre- 
cursor with e~*” not expanded. The difference enters as terms of 
higher order in x. 
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This result possesses certain unsatisfactory features 
which we discuss below, but let us look at its qualitative 
implications. If details of the ion and solvent structure 
are ignored then the interaction potential depends only 
on the square of the ion’s charge. In a solution where all 
the ions are of the same valence type, if the sizes of the 
ions are the same then the A integrals are the same and 
by electroneutrality A vanishes. Therefore, to lowest 
order, A may be considered as linear in differences of 
ion size, or, in the spirit of Stokes’ Law, linear in the 
differences of mobility. After completing the theory 
and comparing with the data, we will be in a position 
to discuss this term further. 

Equation (6.10) has the weakness that major con- 
tributions to the integrand come from the region close 
to the ion. In this portion of space several of the ap- 
proximations involved in the derivation, such as the 
neglect of differences between singlet and pair forces 
and the use of the linearized Debye-Hiickel distribu- 
tion, are questionable. (In contrast, the electrophoretic 
drag problem leads to integrals with major contribu- 
tions at distance 1/x.) The result is probably an over- 
estimate of the ion-solvent contribution since one ex- 
pects less x dependence in the radial distribution func- 
tion at close distances (compare with the theory of 
ion pairing where no x dependence is assumed up close). 


7. FURTHER SOLVENT a TO HEAT 


The solvent-solvent interactions lead, to the desired 
order, to a term 


(qv) solv-solvy — Cohoojo, (7.1) 
hoo= aff[tve- (r/3) (0/dr) Vo’ |go0? d? rd?e,1de,0. 
(7.2) 


If we had attempted a completely molecular treat- 
ment of the solvent, we would have had to consider 
terms like those arising from solvent oriented by an 
ion interacting with other solvent and ions, but these 
are the effects which the introduction of the dielectric 
constant covers. 


8. HEAT OF TRANSPORT 


The results of Secs. 4 to 7 may be united to yield 
as an expression for the heat current, 


q= L0e"ie (8.1) 


Q.*= (5/2)4T — Ale Yoeghag + 2edha— nik 
pit (CotakT/6nDq°) Ax+0(x?) a=1,+++,y, (8.2) 


Qut= (5/2) kT —Hot-calno+ Dita 
a=) 
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The heats of transport have been properly identified 
if Eq. (3.6) is satisfied. Inserting (8.2) and (8.3) 
reveals 


Deca" =$RT Dice 2 cavphop— Sicele=0, (8.4) 
a=0 a=) a,p=0 a=0 


by using a well-known equilibrium result." 

For ionic components hag may be evaluated with the 
coulomb potential and the linearized Debye-Hiickel 
radial distribution function. Part of cghag diverges 
when integration is performed over an infinite volume, 
but upon summing over 6 these divergencies vanish 
by electroneutrality. The remaining part is, to order x, 


Dicphap= — 222k /3¢. (8.5) 
p=1 
The integrals hao and Aq may be written as their 
infinite dilution value plus a concentration dependent 
part. The order of the latter part depends upon how 
much « dependence is put into gao*. This problem is 
similar to that which arises in the calculation of chemi- 
cal potential” and polarization energy.’* If we allow 
the potential of mean force to contain the interaction 
of solvent and ion atmosphere, we would be taking 
certain terms into account twice. When properly 
treated the first concentration dependence of the 
integrals is 0(x*). 
The limiting law for the heat of transport of an 
ionic species is 
Qa*=Qa™+8(Qa*) x, 
§(Qa*) - —$(H.) sie, (22,2¢?/3e) 
— (cotakTA/6rnD.°), (8.7) 


where $(H,) is the limiting slope for partial molecular 
heat content vs x: 


e = ( 0 Ine snl 

mo ae Vt ort ar) 

Individual ion heats of transport are experimentally 

unobtainable. The heat of transport of neutral salts, 
defined by 


(8.6) 


(8.8) 


Qs.*=7404*+v_Q_* 


may be measured (the v’s are standard notation for 
number of ions in the neutral “molecule”). The slope 
of the limiting law is 


8(Qz*) = —8(Hx) — (2¢/3e) Divate? 
—(cokTA/6mn) 2) (vata/Da°). (8.9) 

The summation in the last term goes as a difference in 

mobility (recall that A has the same behavior). This 


“4 Terrill L. Hill, Statistical Mechanics (McGraw-Hill Book 
Company, Inc., New York, 1956), Eqs. (30.10) and (30.20). 

6 J, G. Kirkwood, Chem. Revs. 19, 275 (1936). 

16 A, B. Lidiard, Phys. Rev. 112, 54 (1958). 
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further decreases the importance of ion-solvent interac- 
tion contributions. 

Although neither the single ion entropy 5. nor heat 
of transport Q,* is measurable separately, the combina- 
tion 

8=S.+(Qa*/T), (8.10) 


called the transport entropy, is. We find for the slope 
of the limiting law for 


Satk lnm, 
$(Sa) = — (2a2e2/6eT) — (cotakA/6mnD.®). (8.11) 


The ion-solvent term is much more important here 
than in Eq. (8.9), both because of the lack of the sum- 
mation factor, and because the ion-ion term is smaller. 

A last point to be noted is that from Eq. (8.3), or 
more simply from Eq. (3.6), it is seen that the heat of 
transport of the solvent is of order x’. 


9. COMPARISON WITH EXPERIMENTS 


Results of measurements on the heat of transport 
of electrolytes in the range of .applicability of the 
limiting laws are scant. The most informative data are 
those obtained by Agar and Turner’ using a con- 
ductimetric method. Aqueous solutions of NaCl, NaBr, 
KCl, KBr, and KI were studied at 25°C and at four 
concentrations in the range from 0.0025 to 0.02 molar. 
A value at 0.05 m is available by extrapolation of the 
thermogravitational results of Alexander.'* In Columns 
5, 4, and 7 of Table I the coefficients of the best least 
squares quadratic fits to a plot of Q* (in kcal/mole) 
vs m' is presented. A quadratic was chosen because in 
this concentration range good fits to other electrolytic 
properties can be obtained by considering only terms to 
order m. Included also are interval allowances for each 
value. These are determined by multiplying the square 
root of the residual mean square by 2.92, the ap- 
propriate factor for 90% confidence limits with a mean 
square error based on two degrees of freedom. 

To test the hypothesis that all 1:1 electrolytes have 
a common slope (except for a small ion-solvent term), 
the calculation was redone with the constraint that all 
the curves have the same m! coefficient. The coefficients 
found in this way are reported in Columns 6 and 8, 
and in Column 3 of Qi1*. The best common slope is 
—2.582-0.89. Allowances are calculated with a factor 
of 1.76 to produce estimates of 90% confidence based 
on fourteen degrees of freedom. Comparison of the 
residual mean square for this constrained fit, which is 


™ J. N. Agar and J. C. R. Turner (to be published); J. C. R. 
Turner, dissertation, University of Cambridge (1955); J. N. 
Agar, in The Structure of Electrolytic Solutions, edited by W. J. 
Hamer (John Wiley and Sons, Inc., New York, 1959). 

18K. F. Alexander, Z. physik. Chem. (Leipzig) 203, 212 (1954). 
The extrapolation to 25°C and correction for a 5% error in analysis 
were performed by Dr. J. N. Agar, whom we thank for supplying 
these results. 
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Taste I. Theoretical predictions and least squares quadratic fit to the data. 





2 3 4 
Limiting slope (coefficient of m) 


5 6 7 8 
Value at infinite dilution Coefficient of m 





theoretical quasitheoretical 


ion-ion term ion-solvent term experimental 


—4.1145.39 
—2.68+2.49 
—2.32+4.88 
—1.6341.49 
—2.18+0.98 
—2.58+0.89 


Onaci* (kcal/mole) —2.57 
Qxci* —2.57 
Onap:* —2.57 
QOxs:* —2.57 

a —2.57 


ae “s ma 2 . 57 
1c10* 
- 


Se(eu/ mole) 
Sca | 


—2.57 
— 20.53 


—.777 


—6.22 6.78 


individual 


1.10+0.31 
1,050.14 
0.76+0.28 
0.72+0.09 
0.14+0.06 


common slope 


1.01+0.06 
1.04+0.06 
0.77+0.06 
0.77+0.06 
0.20+0.06 


individual common slope 


5.99419.13 0.6523.37 
2.6048.84 2.28+3.37 
0.77417.30 1.7143.37 
0.3545.29 3.69+3.37 
2.3343.48 3.72+3.37 





® Basis for ion-solvent term calculation. 


7.74X10~, with the average of the mean squares of 
the unconstrained fits, which is 8.74 10~, leads one to 
conclude that the hypothesis of a common limiting 
slope is statistically tenable. 

Considering only the ion-ion term the theory predicts 
a limiting concentration dependence of 2.57 m}. Agree- 
ment with the individual and common experimental 
slopes is acceptable. In view of the error margin room 
for an ion-solvent term exists. 

Less complete analysis can be made of the initial 
and final thermoelectric power experiments of Agar and 
Breck” on TICIO,. These measurements, performed at 
six concentrations in the range 0.05 and 0.256m, are 
difficult to interpret because of the higher molarity 
and the large scatter. The heat of transport and the 
transported entropy of TI* are shown in Figs. 1 and 2 
with the visual curves drawn so as to come in at the 
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19 J. N. Agar and W. G. Breck, Trans. Faraday Soc. 53, 167 
(1957). 


values predicted by the ion-ion terms of Eqs. (8.9) 
and (8.11). Further clarification of these data would be 
useful. 

Breck and Agar” have applied the same method to 
a study of the 2:2 salt CdSOQ,. The heat of transport 
and the transported entropy of Cd** are plotted in 
Figs. 3 and 4. On the abscissa, the point where 
x2*e*/ekT=1 is indicated. This is one of the dimen- 
sionless expansion parameters of the Debye-Hiickel 
theory (the other is xa). All the concentrations are 
greater than this value so that any attempt to fit the 
curve with a quadratic is unsound. Nevertheless, the 
data are quite smooth and good visual curves can be 
drawn. 


The ion-ion term of Eq. (8.11) for the m! coefficient 
of 


Bossi Inmca4+ (in eu/mole) 





ke2/ekT=1, 
| 





| 
i 
0.4 








vm 
Fic. 2 


20 y G. Breck and J. N. Agar, Trans. Faraday Soc. 53, 175 
1957). 
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is —6.22 while the slope read off the curve is +6.7. 
A value of Acaso, of 81 is required to explain this 
difference. When this A is used in the heat of transport 
equation, the ion-solvent term is 1.6 compared with 
an ion-ion contribution of — 20.53. 

If as an approximation, we postulate that for a 
simple salt with ions of equal valence A is proportional 
to the magnitude of the charge and to the difference 
between the self-diffusion constants of the cation and 
the anion, then from the CdSQ, value of A one obtains 
the estimates of the ion-solvent contributions to the 
limiting slope given in Column 3 of Table I. As noted 
earlier, the solvent effect is much less important for the 
heat of transport of the salt than for the ion transported 
entropy. 
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APPENDIX 1 


Equation (5.1) for the pair space diffusion current is 
given in a somewhat different form in standard refer- 
ences on the theory of electrolytes.*' One finds (in our 
notation) 


Uap = U— (Da°/kT)[RTV,, Incpgas (1) 


+20€V;68 (— 1) +20€Vriba (0)—XaJ. (Al.1) 


The equivalence follows after one notes that as r>0, 
this equation becomes 


u,=uUu—(D,°/kT)[RTV,, Incg+ZaeV7:¢a” (0) —Xa |, 


. (A1.2) 
while at equilibrium it is 


u=u—(D,°/kT) [TV >, Ingas?” (1) 


+2aeVr.68° (r) J. (A1.3) 


The latter is one of the basic assumptions behind the 
Debye-Hiickel theory. 

The last point involved in establishing the corre- 
spondence is that since Eq. (A1.1) is already linear in 
nonequilibrium quantities, multiplication by ¢as™ or 
Cap* is equivalent. 


APPENDIX 2 
The set of Eqs. (5.8) may be written as the one 
matrix equation 


Lw—-eM%w=a e"(i+er)/r, — (A2.1) 


where we define the differential operator 

L= (d?/dr*) + (2/r) (d/dr) —(2/r?).  (A2.2) 
The unknown functions have been arranged into a 
1Xv* column matrix, W, which is partitioned into v 


equisized parts. The 6 element of the a partition is 
Wag. Similarly, A is the column matrix such that 
(A) ap= (Za%—¢*/eRT) (Ug—Ua)*@,.  —(A2.3) 


W is a Xv matrix partitioned into »* square parts 
such that the 8, element of the a, y partition is 


(MA) arpr= (4ere?/ekT) C42[ ban%pDp°/(Da°+D,") 
—82%aD.°/(De+D,°)]. (A2.4) 


Define 8 by the equation A=B*. The unit matrix is ¥. 
1 Reference 10, Eqs. (2-3-1) and (2-5-3). 
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wW and A may be regarded as vectors of vector ele- 
ments, while & is a matrix of matrix elements. 

The solution of Eq. (A2.1) which satisfies the bound- 
ary conditions (5.10) and (5.11) is 


P= «x(B?—9) “[Lexp(— «Br) (F+«Br) /r? 


—3J exp(—«r)(1+«r)/PJA. (A2.5) 

We may now consider the equation for the x func- 
tions which determine the perturbation to the local 
electrical potential. It can be shown that the approxi- 
mation of replacing gas®” on the right-hand side of 
Eq. (5.13) by its asymptotic value, unity, is equivalent 
to approximations which have already been intro- 
duced in deriving Eq. (5.8); i.e., terms which yield 
higher than ¢c! contributions to the transport proper- 
ties are not retained. Therefore, we may write, in 
matrix form, 


LX=wW, (A.26) 


which has as the solution satisfying boundary condi- 
tions (5.10) and (5.11). 


X= «*(B’—J) 1 { -—B*[1/7— exp(— «Br) (J+Br)/r? 


+3([1/r—exp(—xr) (1+«r)/P}}A. (A2.7) 
¥ is singular, but this causes no difficulty since the first 
term inside the brace is a symbolic representation of 
the series expansion. 


APPENDIX 3 


The purpose of this appendix is to derive Eq. (5.15) 
for the ion-ion potential flow using the results of the 
previous section. The insertion of Eq. (5.14) into Eq. 
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(2.7) yields 


(Qyv) ion-ion= @ % teaeohas(Ua—U) e, 


+ Catp(Da?/Dz?-+ De) «0° (B?— 3) [Kap (B) 
—Rus(3) JA 
+ (4me?/ekT) 9 cy2y20(Da®/ Dg? +D,?) x47 (B?—Y) 
-(—B*[Map(0) —Kas(B) ]—[ap(0) —Kas(3) NA}, 
(A3.1) 


Sap(B) = [ ” {L(Vap—4rVas!) exp(—«Br) (B+ Br) /7] 


—C(Vas—1Vg') exp(—«Br) (3+ xBr+$eB7") /r?]} 
X gas? 4er%dr, (A3.2) 


and hag is defined in Eq. (5.16). It is convenient to 
introduce a row matrix Q*% with y elements of the A 
partition equal to 6.,53, which picks out the a8 com- 
ponent from the column matrices of the type defined 
in Appendix 2. 

If we divide Vag into a coulombic and a short range 
part and use the linearized Debye-Hiickel radial dis- 
tribution we find 


Ras(B) = —[(Swsqzee?/3ea) +tap IL3+-0(°B?) J, (A3.3) 


where fag is a constant arising from the short range 
forces which is of the same order of magnitude as the 
constant preceding it. We have purposely refrained 
from explicitly writing the «%? term because the 
functions in the integral have not been accurately 
obtained to this order of magnitude. 

To finally arrive at Eq. (5.15) one need only sub- 
stitute and note that A=0(j.°@./ca). 
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The semiempirical theory on the electronic structure of the nitrogen heterocycles, proposed in Part I of 
this series, is applied to pyridine. Only the singlet levels are considered in this paper, deferring the discus- 
sions on the triplet levels to a later publication. Doubly excited as well as singly excited configurations are 
taken into CI calculation. The hybridization parameter \ of the nitrogen nonbonding AO determined so 
that the calculated value of the lowest singlet-singlet »—7 transition energy agrees with the experimental 
value is +0.5439 which corresponds to 22% s character of the nitrogen nonbonding AO. By assuming this 
value of , the lower singlet levels of this molecule are calculated and compared with experiment. The cal- 
culation shows that a hidden »—z transition (‘A2—1A; transition) exists in the neighborhood of the strong 


4.8-ev band which is assigned to a x—7 transition. 





1. INTRODUCTION 


electronic structure of the pyridine molecule 

has been investigated by many theoreticians as well 

as experimentalists. The analysis of the near ultraviolet 
absorption spectrum of pyridine vapor was undertaken 
by Henri and Angenot' and later by Sponer and 
Stiicklen.? In the latter work the transition concerned 
was assumed to be of r—7 type. Kasha® suggested that 
the long-wavelength side of the near ultraviolet absorp- 
tion system of this molecule was due to an excitation of 
a nonbonding electron of nitrogen (m—7 transition). 
This suggestion is supported by the fact that the long- 
wavelength edge of this system disappears as the polar 
solvent is used.‘ In a later publication,’ concerning 
the near ultraviolet vapor absorption spectra of the 
three isomeric picolines which have nearly the same 
electronic structure as pyridine as far as the w and the 
nonbonding electrons of the nitrogen atom are con- 
cerned, Rush and Sponer described a conclusive evi- 
dence for two electronic transitions in these molecules 
in the vicinities of 35 500 and 38 500 cm—. They as- 
signed the former to an m—7 transition while the latter 
was assigned to a r—z transition. Moreover, these 
authors described that the latter r—a system may be 
overlapped by another transition, probably an n—-7 
transition, in B-picoline. Stephenson® measured the near- 
ultraviolet absorption spectra of various substituted 
pyridines in iso-octane and ethyl alcohol solutions. 
The vacuum ultraviolet spectrum of pyridine was stud- 


e os Temporary 8 address: Mathematical Institute, 10 Parks Road, 
Oxford, 

ly. Henri and P. Angenot, Compt. rend. 200, 1032 (1935); 

201, 895 (1935); J. chim. phys. 33, 641 (1936). 
2H. Sponer, Revs. Modern Phys. 16, 224 (1944); H. Sponer 
and H. Stiicklen, J. Chem. Phys. 14, 101 (1946). 

3M. Kasha, Phys. Rev. 76. 161 (1949); Discussions Faraday 
Soc. 9, 14 (1950). 

‘F. Halverson and R. C. Hirt, J. Chem. Phys. 19, 711 (1951); 
H. P. Stephenson, J. Chem. Phys. 22, 1077 (1954); ‘Andon, Cox, 
and Herington, Trans. Faraday Soc. ‘50, 918 (1 954). 

5 J. H. Rush and H. Sponer, J. Chem. Phys. 20, 1847 (1952). 

6H. P. Stephenson, J. Chem. Phys. 22, 1077 (1954). 


ied by Pickett, Corning, Wieder, Semenow, and Buck- 
ley’ down to 65 000 cm™. 

Theoretical works on the electronic structure of 
pyridine have also been performed by many authors. 
Among these works only those which have bearing on 
the singlet levels will be referred to. Since the explorative 
work by Wheland and Pauling? naive LCAO MO 
calculation based on the one-electron approximation 
has been performed by various authors’ and many of 
physical and chemical properties of this substance, such 
as electronic spectrum, dipole moment, bond length, 
and chemical reactivity with various reagents, are in- 
terpreted. On the other hand semiempirical molecular- 


orbital methods with explicit considerations of elec- 


tronic interactions have been appeared in recent 
years'*-” and the calculations on the electronic struc- 
ture and spectrum of pyridine have been per- 
formed.”-!3.4 Tn all of these works only the z electrons 
are considered explicitly. 

; A theoretical discussion of n—- transition of pyridine 
was given by Orgel,” but no quantitative calculation 
of the transition energy was given. A simple semi- 
empirical scheme where the one-electron LCAO MO 
formalism is complemented with theoretically com- 
puted electronic repulsion integrals was proposed for 
both the r—w and the m—7 transition energies by 


7 Pickett, Corning, Wieder, Semenow, and Buckley, J. Am. 
Chem. Soc. 75, 1618 (1953). 
(985). Wheland and L. Pauling, J. Am. Chem. Soc. 57, 2086 
°H. C. Longuet-Higgins and C. A. Coulson, Trans. Faraday 
Soc. 43, 87 (1947); P.-O. Léwdin, J. Chem. Phys. 19, 123 (1951); 
Orgel, Cottrell, Dick, and Sutton, Trans. Faraday Soc. 47, 113 
(1951); D. W. Davies, ibid. 51, 449 (1955); Anno, Ito, Shimada, 
Sadé, and Mizushima, Bull. Chem. Soc. Japan 30, 638 1957). 
10 R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466, 767 (1953). 
ne A. Pople, Trans. Faraday Soc. 49, 1375 (1953 ). 
12 L. Goodman and H. Shull, J. Chem. Phys. 22, 1138 (1954); 
23, 33 (1955). 
sR. McWeeny and T. E. Peacock, Proc. Phys. Soc. (London) 
A70, 41 (1957), R McWeeny, ibid. A70, 593 1957). 
“K. Nishimoto and N. pean Zz. physik. Chem. (Frankfurt) 
12, 335 (1957); N. Mataga and K. Nishimoto, ibid. 13, 140 (1957). 
E. Orgel, J. Chem. Soc. 1955, 121. 
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Goodman and Shull” and was used, with the additional 
simplification of incorporating the electron repulsion 
integrals into Be, related to the theoretical nearest 
neighbor-AO exchange integral, 8*, by Goodman and 
Harrell’*® for the calculation of n—-7 transition energies 
of various nitrogen heterocyclics. 

In the present paper results of calculation on the 
n—m and r—- transitions of pyridine by using the 
semiempirical theory proposed in Part I" of this series 
will be given. Only the singlet levels will be considered 
in this paper. In addition to obtain the theoretical 
energy levels of the pyridine molecule, the purpose of 
the present work is to see if the conclusion that the 
nitrogen nonbonding AO may be considered to have 
much lower s character than usually assumed, reached in 
the case of pyrazine," also applies to pyridine. 


2. METHOD OF CALCULATION 


The calculation is based on the semiempirical ASP- 
LCAO-MO-CI method proposed in Part I” of this 
series. The structural model assumed is given in Fig. 1. 
The molecule is planar in the ground electronic state 
and belongs to the point group Cy. Figure 1 also 
shows the numbering of the ring atoms and the designa- 
tion of the coordinate axes upon which the definitions 
of symmetry species given in Table I are based. 

Coulomb repulsion integrals over AO’s were obtained 
in the same manner as described in Part I.” The 
hybridization parameter \ of the nitrogen nonbonding 
AO, which is defined by Eq. (39) in Part I, will be de- 


TaBLe I. Symmetry species for the point group Cov. 








I C2(z) ov(xz) an (yz) 





1 1 1 
1 1 —1 
1 —1 1 
1 —1 —1 








1% L. Goodman and R. W. Harrell, J. Chem. Phys. 30, 1131 
(1959). 

7T. Anno, J. Chem. Phys. 29, 1161 (1958). 

18 T. Anno and A. Sadé, J. Chem. Phys. 29, 1170 (1958). 

19 C, H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Company, Inc., New York, 1955), p. 112. 


scribed in a later section. The form of r MO’s is the same 
as used for pyrazine’. [see Eq. (53) of reference 
17] except that in the present case the fourth atom is 
not nitrogen but carbon. The nonbonding MO was taken 
to be the “nonbonding AO” of the nitrogen atom. The 
values of core integrals Boc and Bon assumed were the 
same as in the previous papers.”-!*-° The core integrals 
a’s were determined in the manner analogous to that 
used in a previous paper,” neglecting the penetration 
integrals. An orbital configuration having four singly 
occupied orbitals gives two singlet functions and there 
is some arbitrariness in constructing these two func- 
tions. The forms used for these two functions and the 
notations describing all the singlet functions are those 
of Murrell and McEwen.” In CI calculation, the pro- 
cedures adopted were as follows unless otherwise 
stated: the doubly excited as well as singly excited 
configurations were considered ; however, some amounts 
of labor to solve secular equations of higher degrees 
were avoided in the same manner as in a previous 
paper. 


TABLE II. The lower singlet configurations of species A; and their 
interactions with the ground configuration. 


EG) 


0.0000 
6.2312 
6.7598 
8.5234 
9.4657 








Configuration 
(x | x0)* 


(x | xo)#/{ E(x) —E(x0)} 





0.000 000 
0.262 861 
0.133 797 
0.070 585 


0.0003 
—1.3330 
—1.0679 
—0.8174 








® (x | x0) =[xHxodr, where H is the total Hamiltonian of the eight-electron 
system and the integration should be extended to the space coordinates of the 
eight electrons. 


3. HYBRIDIZATION PARAMETER OF NITROGEN 
NONBONDING AO 


As is mentioned in Sec. 1, one of the purposes of the 
present work is to see whether the calculated n—7 
transition energy, which agrees with experiment, is 
obtained for pyridine by assuming the \ value obtained 
from the pyrazine spectrum. From the preliminary 
calculation by assuming A=0.339, which was deter- 
mined from the pyrazine spectrum in Part IT" of this 
series, the lowest n— (1B,—1'A,) transition energy is 
obtained to be 3.21 ev which is somewhat lower than 
the experimental value of 4.31 ev. This fact may sug- 
gest that the value of A of the nitrogen nonbonding 
AO of the pyridine molecule is somewhat different from 
that of the pyrazine molecule. Therefore, we have deter- 
mined the hybridization parameter \ of the nitrogen 
orbital so as to bring the calculated n— ('B,—'A;) 
transition energy into agreement with the experimental 
value. 


20 T, Anno and A. Sado, J. Chem. Phys. 32, 619 (1960), Part 
III of this series. 

217. N. Murrell and K. L. McEwen, J. Chem. Phys. 25, 1143 
(1956). 





ELECTRONIC STRUCTURE OF PYRIDINE 
TaBLe III. The lower singlet configurations of species A; and their interactions with x,‘ and with x;'. 


ti E 4\a 4)2/{ FE — E(x! 3 a 
Configure ion Pray Se Gla ) (x | xa*)?/{ rs (xo*) } 1x) 





(x | a*)2/{ E(x) —E(m*)} 
(ev) 





0.0000 
6.2312 
6.7598 
8.5234 
9.4657 
10.0977 
10.7810 


0.000 000 


1.804 280 
0.001 848 
310 


—1.3330 
0.9766 
0.8790 

—0.4544 

—0.0113 

—0.0001 

— 1.3330 

—0.6537 

—0.0002 
0.0113 
0.7930 
0.3476 


—0.262 861 
1.804 289 
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* See footnote a in Table II. 


In order to get the value of hybridization parameter 
A, configurational energies and interaction matrix 
elements are calculated, leaving \ as a parameter. If 
the coefficients of mixing of different configurations, 
which are taken into the secular equation, into a wave 
function representing a state and the energy depression 
due to the second-order perturbation are carried over 
from the preliminary calculation assuming \=0.339, 
expressions for the lowest n—x ('B,—'A;) transition 
energy can be obtained in terms of \. From the condition 
that this expression reproduces the experimental value 
of 4.31 ev, an algebraic equation of fourth degree in 
is obtained. t This equation has two real roots as well as 
two imaginary ones. Two real roots thus obtained are 
A=+0.5439 and —0.6168, of which the latter is dis- 
carded from the reasons described in a previous paper. 
Therefore we take A=+0.5439. This corresponds to 
22% s character of nitrogen nonbonding AO and would 
suggest that the s character of nitrogen nonbonding 
AO is somewhat larger in pyridine than in pyrazine. 
The author, however, does not necessarily insist that 
this difference is real since the calculations are based 
upon many approximations. The important point is the 
fact that the derived value of s character is much smal- 
ler than the value usually assumed not only in the case 
of pyrazine but also in the case of pyridine. 


ft If the orthogonal relation of the bond-forming orbital of the 
nitrogen atom holds in the nitrogen heterocyclic molecules, the 
electron configuration of the nitrogen atom depends on A. There- 
fore, the one-center integral (#yxy | rNN) would depend upon A, 
if the procedure adopted in (26) of Part I"” is followed. If we take 
this \ dependence of (ryan | men) into account, the degree of 
this equation becomes six, as in the case of Part II.’* In the 
present paper, this \ dependence is neglected and (ayn | men) 
is taken simply to be 12.8333 ev contrary to the case of Part II. 


4. FINAL CALCULATION 


Now that the “best” value of \ to bring the calculated 
lowest n—- transition energy into agreement with ex- 
periment is obtained we proceed to the calculation of 
various energy levels assuming this value of A. The 
procedures adopted will be described in this section. 


Species A; 


In Table II the energies of lower singlet configura- 
tions of species A, and their interactions with the 
ground configurations are given. The depression of the 
ground state by CI is calculated by selecting the more 
important configurations as described in a previous 
section. 

The lower excited states of ‘A, species are un- 
doubtedly derived from x4 and x,° by CI. Table III 


TaBLE IV. The singly and doubly excited singlet configurations 
of species Az and their interactions with x,‘. 


Configuration 
x 





Ene 
E(x) (ev) 


(x | xnt)* (x | xn*)?/{ E(x) — E(xn') } 
(ev) (ev) 





7.7777 

9.5988 
12.9671 
13.6130 
13.9407 
14.8110 
14.8843 
15.4274 
15.9664 
17.3241 
17.5867 
19.0690 
19.4929 
21.0292 


Oo 
g: 
S 


0.0080 
0.8200 
0.7090 
2.4115 
—0.9009 
3.1777 
1.9602 
1.8233 
0.0160 
0.8974 
1.1012 
2.2443 
0.9073 


£8 
: 


ESSSSRess 


coosoooHso: 
SSSkSSE5 


—_ 
i] 
o 





® See footnote a in Table II. 
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TABLE V. The lower singlet configurations of species B, and their 
interactions with x,* 








Configuration Ener, (x | xn®)* (x | an*)?/{ E(x) — E(xn*) } 
x E(x) ev) (ev) (ev) 





Xn? 6.3715 
Xn? 10.4085 
Xn (1) 10.9895 
%a™ 11.9353 
Xna™ (2) 12.6107 
Xno™* 13 . 7145 
Xn2°4 (2) 15.4419 
Xn (2) 15.9988 
Xno°4 (1) 16.3211 


— 1.9453 
0.5473 
3.3041 
0.9284 


0.937 377 

0. 

A. 

0. 
1.6619 0. 

0. 

0. 

0. 


863 
162 
147 
129 
330 
23 640 
593 


—0.7930 
2.4503 
—0.9494 








® See footnote a in Table II. 


shows the lower singlet configurations of this species 
and their interactions with x and with x,°. Because of 
the strong interaction between xs‘ and x,° (small energy 
difference and large interaction matrix element) we 
must include in the secular equation all the configura- 
tions which interact strongly either with 2:4 or with 
a;° or with both. Table III shows that we would have to 
solve the secular equation of the eleventh degree if we 
considered the doubly excited configurations even if 
we followed the criteria of selecting more important 
configurations adopted in the calculation of pyrazine 
spectrum.'* In this case, therefore, only the singly ex- 
cited as well as the ground configurations are taken into 
the secular equation, neglecting all the doubly excited 
configurations. 


Species A, 


Table IV shows the configurational energies of all the 
singly and doubly excited configurations of species 
1A» together with their interaction with x,‘ which has 
the lowest energy among them. In this case a configura- 
tion lying more than 10 ev above the lowest but inter- 
acting fairly strongly with it exists [4(1) given in 
Table IV ]. Therefore, all the singly and doubly excited 
configurations are considered for the calculation of 
species 1A» although three configurations which have 


TABLE VI. The lower singlet configurations of species Bz and their 
interactions with ,’. 








Configuration Energy (x | xa) (x | x28)2/ ee) E (x25) } 
x E(x) (ev) (ev) ev) 





5.1647 
7.0496 
8.3180 
9.2606 
9.9448 
10.3192 
11.8297 
12.2041 
14.2954 
14.3261 
14.3433 
14.8736 


—1.0644 
—0.5196 
0.0113 
0.0462 
0.8363 
—0.0080 
0.0080 
1.5519 
1.3427 
—0.9340 
—1.1570 


BESes: 
RISSRELSR 


coossssssso 
RSSRSs 

RED 
SER3 


— 
WwW 
~ 
co 
~ 





® See footnote a in Table II. 
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(x | an*)?/{ E(x) — E(xn*)} ranging between 0.10~0.13 
ev are not taken into the secular equation and are taken 
into account only by the second-order perturbation 
theory as those which have (x | xn*)?/{ E(”) — E(xn!)}< 
0.10 ev. 

Species B, 


In Table V the lower singlet configurations of species 
B, and their interactions with ~,°, the lowest one among 
them, are given. Although the configuration xn2*(2) 
gives the second-order energy perturbation slightly 
larger than 0.1 ev to x, it was neglected in the secular 
equation to avoid solution of a sixth-degree secular 
equation and was considered only by the second-order 
perturbation theory. 


TABLE VII. The calculated and observed lower energy levels of 
pyridine (singlets only). 








Energy above the ground 
state (ev) 


Calc 


Type of transition from 


Symmetry the ground state 


Obs 





0.00 


2eyes 
— 


0. 
4. 
4. 
Si 
5. 
i? 
7 

8 


SSs 





® See reference 5. 
b Estimated from B-picoline spectrum (reference 5). 
© See reference 7. 


Species B, 


Table VI for species 1Bz is similar to Table V for 
species 'B,. As in the previous case of species B; solving 
a sixth-degree secular equation was avoided by con- 
sidering xn** only through the second-order perturba- 
tion theory. 

5. DISCUSSIONS 


In Table VII the theoretical energy levels calculated 
as described above are compared with experimental 
values. It is now established, through the works of 
Sponer et al.,?>5 Kasha,’ Halverson and Hirt,‘ Stephen- 
son,® and Herington ef al.,‘ that the pyridine molecule 
has the lowest 1B, and 1B, states at 4.31 and 4.75 ev 
above the ground state, respectively. The transitions 
to two states from the ground state are of an n—a 
and r—~a types, respectively. Since the former transi- 
tion energy is used to determine the value of A, the 
hybridization parameter of the nitrogen nonbonding 
AO, the corresponding calculated value is enclosed in 
parentheses. The calculated energy of the lowest 1B, 
state is found to be 4.32 ev which is slightly lower than 
the experimental value of 4.75 ev. Such a slight disagree- 
ment also exists in the case of the lowest r—z ('Bau, 
®Bz.—1A,) transition energies of pyrazine” and is 
due probably to the slightly inadequate values of Bcc 





ELECTRONIC STRUCTURE OF PYRIDINE 


or Bon or both. This point will be discussed at some 
length in the subsequent publications on the benzene 
and the 1, 3, 5-triazine molecules. 

Rush and Sponer® suggested tentatively that two 
electronic transitions exist in the region between 36 000- 
38 000 cm- of the spectrum of 8-picoline. They assigned 
37 380 cm™ (4.63-ev) band to the 0, 0 band of the first 
w—*r transition which constitutes the counterpart of the 
4.75-ev band of pyridine. On the other hand, the band 
at 36 475. cm™ (4.52 ev) in the 8-picoline spectrum 
was assigned with some reservation to the 0, 0 band of 
14'~—14’ (n—-2) transition which goes over to !Ay—'A, 
in pyridine. The corresponding calculated value for 
pyridine is 5.04 ev. Therefore, it seems to be probable 
that the suggestion proposed by Rush and Sponer is 
correct and further experimental verification of this 
suggestion is awaited with interest. 
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The vacuum ultraviolet absorption spectrum of 
pyridine was studied by Pickett e al.? Their absorption 
curve shows absorption maxima at 6.41 and 7.23 ev. 
The calculated value of 5.81 ev (14:—1A1) corresponds 
probably to the former. The theoretical value corre- 
sponding to the latter maximum is either 7.58 ev (141— 
14,) or 7.69 ev (1B,—1A;). It may also probable that 
two electronic transitions are contained in the 7.23- 
ev band although we cannot say with confidence be- 
cause of the lack of the experimental data. 
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Proton longitudinal relaxation times in dilute solutions of Fe**, iron conalbumin (FeCon), and ferrihemo- 
globin (Hb*), have been measured at 40 and 60 Mc. The static magnetic moment is 5.9 Bohr magnetons for 
all three species; the ratios of 1/N7; for Fe**, Fe Con, and Hb* are 1:0.72:0.026. For the proteins the rele- 
vant correlation time 7, in Solomon’s expression for the dipolar contribution to 7; is the electron spin re- 
laxation time 7g of the paramagnetic ion, which for Fe Con is 3X10-" sec. 7g may contribute to 7, in other 
complexes of Fe*+ and Cr*+. A simple model for Hb* shows the heme Fe to be 4 A from the surface of the 


protein. 





I. INTRODUCTION 


N 1948, Bloembergen, Purcell, and Pound! developed 

a general theory, based on random motions with a 

correlation time 7., for the effect of magnetic dipole- 

dipole interactions on proton longitudinal and trans- 
verse relaxation times, 7; and 7>. 

Subsequently, Solomon? reconsidered systems of 
like and unlike spins and derived the currently accepted 
expression for the effect of pure dipolar interaction. 

To explain the inadequacy of the dipolar mechanism 
in HF, Solomon and Bloembergen* proposed a scalar 
interaction of spins, AI-S, for which a theory was 


* Contribution No. 1584, Sterling Chemistry Laboratory, Yale 
University. 

t This work was supported in part from funds under Office of 
Naval Research Contract No. NONR 609 (24). 

t Present address: Department of Biochemistry, Dartmouth 
Medical School, Hanover, New cer i 


hire. 
1 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 
2T. Solomon, Phys. Rev. 99, 559 (1955). 
amr and N. Bloembergen, J. Chem. Phys. 25, 261 
956). 


developed. Bloembergen then suggested,‘ and low-field 
studies confirmed,’ a spin-exchange interaction in 
Mn** solutions, where 7;/7> is far from unity. 

The complete equation for 7}, then, is 


1/NTi=S0L S(S+1) 26 y2p/r*]{ [r-/1+ (w1—ws)*72] 
+[31./(1+-2°r.?) ]+[67-/1+ (wr+ws)?7.7]} 


+3S(S+1) (A/h)*p{[r/1+ (wr—ws)*77J}. (1) 


However, (1) may be considerably simplified. In the 
present instance 7, is the order of 10-™ sec, w:r.1, 
wrKwg. In addition, it has been amply demonstrated** 


4N. Bloembergen, J. Chem. Phys. 27, 572 (1957). 

5R. S. Codrington and N. Bloembergen, J. Chem. Phys. 29, 
600 (1958). 

6 J. King and N. Davidson, J. Chem. Phys. 29, 787 (1958). 

7 Bernheim, Brown, Gutowsky, and Woessner, J. Chem. Phys. 
30, 950 (1959). 

8 L. O. Morgan and A. W. Nolle, J. Chem. Phys. 31, 365 (1959). 
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Taste I. Molar paramagnetic susceptibilities.* 





BM 
XX 10 cgsu xX10%¢su” Bohr magnetons 





2180¢ 
26104 
83404 
14 0404 


2200 
2600 
8400 
14 200 
14 600 


K;Fe(CN)¢ 
HbCN 
HbOH 


Hbt 
Fe Con 








® The data are corrected for the diamagnetism of the bulk protein. 
> This work. 

© Reference 17. 

4 Reference 15. 


for Mn?*, and therefore a fortiori for Fe**, that the 
scalar term in 7; may be neglected. In the megacycle 
region for proton resonance frequencies, (wz/2m), (1) 
becomes 


1/NT,=30 S(S+1) g6'y2°(p/1*) 


*{37-+[77-/(1-++wgs?r.?) ]}. (2) 
Here N is the molar concentration of paramagnetic 
ions, Np the fraction of protons associated ‘with ions, 
g the electron g factor, 8 the Bohr magneton, 7 the 
proton gyromagnetic ratio, r the ion-proton distance; 
7. in (1) is the electron spin relaxation time 7s, the mean 
lifetime of a hydrate-proton 7, or their sum 1/7.= 

1 / T st 1 / Th. 

The theory for the correlation time 7, has undergone 
similar development. The original authors' assumed that 
in solutions of paramagnetic ions the relevant random 
motion was the translational diffusion of water mole- 
cules; using r?/12D as the correlation time, they con- 
cluded that 


1/7 =29y?y?.11/S5aD. (3) 
Experimental work was reported in terms of an inverse 
first-power dependence on a, the distance of closest 
approach of proton and ion, or, after converting aD 
into viscosity, in terms of “effective dipole mo- 
ment,””1,9,10 

Broersma" assumed that the tumbling motions of the 
hydrated ion could be effective in relaxation; in his 
formulation the rotational term, m2a2*/D,ob:*, is, for 
representative systems, an order of magnitude greater 
than the translational term, 4an/(D,+D2) (a:+ a2) 
(m2 is the number of water molecules in the hydrate, 
n the number of free water molecules per cc.; the a’s 
are the radii and & is the ion-proton distance.) Conse- 
quently,’ recent work‘ has interpreted 7, as the rota- 
tional correlation time for the hydrated ion. 


®R. L. Conger and P. W. Selwood, J. Chem. Phys. 20, 383 
(1952). 

1 Morgan, Nolle, Hull, and Murphy, J. Chem. Phys. 25, 206 
(1956). 

1S, Broersma, J. Chem. Phys. 24, 659 (1956). 
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It has been suggested that in certain cases the elec- 
tron spin relaxation time 7s would serve as an effective 
correlation time for the dipolar proton relaxation.'” 

Morgan and Nolle® have attributed the behavior of 
Ni**, Co*t, and Nd* to this phenomenon. For Cu*, 
Fe**, and Cr*, 7s is probably of the same order of 
magnitude as the rotational correlation time.® 

Well-defined protein complexes of Fe** and Cu** 
(e.g., hemoglobin, iron conalbumin, copper conalbumin) 
exist, for which rsz7,. A study of these complexes 
should clarify the role of 7s in the solutions of the 
hydrated ions themselves. 

In addition, recent reports*-“ of the depth of Fe in 
hemoglobin have relied on the translational mechanism 
of relaxation. If use is made of Eq. (3), with its depend- 
ence on a low power of the ion-proton distance, a gross 
overestimation of the distance of Fe from the protein 
surface results. With the more satisfactory theory now 
available, and an understanding of the role of 7s, a 
more reliable value may be obtained. 


II. EXPERIMENTAL 
A. Preparations 


The inorganic solutions were prepared from reagent 
grade chemicals by weight. Fe(NH,) (SO,)2-12H,O 
was dissolved in 0.1N HCIQ,. 

Ferrihemoglobin (Hb*) was prepared from a crystal- 
line paste of oxyhemoglobin{ by air oxidation at pH 
4.9 in acetate buffer at room temperature." The solu- 
tion was dialyzed against water, filtered, and deionized 
by passage through a mixed-bed ion exchange column. 
Ferrihemoglobin cyanide (HbCN) and _ hydroxide 
(HbOH) were prepared from this stock solution by 
careful addition of dilute NaCN or KOH. The #H for 
Hbt and HbCN was 6.8; for HbOH, 10.2. Hb+, HbCN, 
and HbOH were characterized by their spectra. The 
static suceptibilities, especially for HbOH, also demon- 
strate the stability of the preparations. 


TABLE II. Proton 7; relaxation times.* 





(1/NT:) X10~secmole (1/N 71) X10~sec—mole 
60Mc, 28.8°C 40Mc, 25.8°C 





Fe* 
Fe Con 
Hbt* 
HbCN 
H20 


0.931 

0.672 

0.0275, 0.0238¢ 
0.00368 


3.73 sec 


0.973 
0.716 


3.45 sec 








* Corrected for solvent contribution. 
b Corrected for contribution of conalbumin. 
© Second value assumes HbCN contributes only for protein. 


(1988). I. Rivkind, Doklady Akad. Nauk S.S.S.R. 102, 1107 
He ". Davidson and R. Gold, Biochim. et Biophys. Acta 26, 370 
1957 

* Bovey, Matsumiya, and aay, Abstracts, Am. Chem. Soc. 
135th meeting, April, 1959, p. 1 

t Generously supplied b Pieleneet J. H. Wan 

% Coryell, Stitt, and Pauling, J. Am. Chem. Soc, So, 633 (1937). 





PROTON RELAXATION TIMES IN PROTEIN COMPLEXES 


Conalbumin and iron conalbumin were prepared 
according to Warner and Weber" and deionized. 

Solutions for static suceptibility measurements were 
deoxygenated by bubbling nitrogen. Samples for 
relaxation time determinations were degassed by several 
cycles of freezing, pumping, and thawing on a 0.1 yu 
Hg vacuum line and sealed off; these showed no concen- 
tration changes on subsequent analysis. 


B. Measurements 


Static magnetic susceptibilities were determined by 
the Guoy method,” using an air-water calibration, a 
water-water inhomogeneity correction, and K;Fe(CN)6. 
as a check. The magnet was a 4-in. Varian model V 
4004. The results are given in Table I. 

Proton relaxation times were determined on an a 
Varian V 4300 B high-resolution NMR spectrometer 
at the two frequencies available at Yale, 40 and 60 
Mc. The method was adiabatic rapid-reversal fast 
passage,” the technique not unlike King and David- 
son’s.* The null point was estimated visually on the 
oscilloscope and the spacing determined on the Sanborn 
recorder. At least ten observations were made on each 
sample, at different sweep rates and field positions. 
The reproducibility was always better than 5% and 
often approached 1%. 

Some determinations on a few samples were made at 
a steady-state saturation, using the equation 


exp(—4/T:)=}[1+ exp(— 7/T;) ]. 


The results agreed with those for a single passage 
starting from equilibrium, where 7,=/2/1n2. Concen- 
trations were arranged to give experimental T7y’s 
between 0.5 and 3.7 sec. 

The results, calculated per mole of iron, are given in 
Table II and Fig. 1. The differences between 40 and 60 
Mc may or may not be significant; they are slightly 
smaller than the change in »/T. 


III. DISCUSSION 


The value of NT; for Fe** in Table II is consistent 
with the data of Morgan et al.” for Fe** and Codrington 
and Bloembergen’ for Mn**. Other investigations of 
Fe*+ 12 and Mn** 8 suggest a value larger by a factor of 
1.5. Systematic error seems to be a property of the 
various techniques ;’-* the weight of evidence may favor 
the larger relaxation times, but we are not in a position 
to resolve the discrepancy. It has been assumed that at 
least the relative values reported here are not affected. 


16 R. C. Warner and I. Weber, J. Biol. Chem. 191, 173 (1951). 

17 See L. Michaelis in Physical Methods of Organic Chemistry, 
edited by A. Weissberger (Interscience Publishers, Inc., New 
iy Ba second edition, p. 1885 ff., or P. W. Selwood, ibid., 
Pas L. E. Drain, Proc. Phys. Soc. (London) A62, 301 (1949). 

19 Chiarotti, Christiani, Giullotto, and Lanzi, Nuovo cimento 
12, 519 (1954). 
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Fic. 1. Proton relaxation times at 60 Mc. Ordinate, 1/7;, 


sec"!; abscissa, N, the concentration of Fe, X10‘ mole-liter™. 
Fe conalbumin, open circles; Fe**, filled circles. 








Conalbumin binds two ferric ions per molecule of 


_76 600 molecular weight.” The complex contains one 


HCO;- for each Fe**.” From the spectra and the num- 
ber of protons dissociated by the reaction at different 
pH Warner and Weber concluded that each Fe** was 
also coordinated to three phenolate moieties of the 
tyrosine residues in the protein.” This relationship was 
confirmed by the author” from the spectrophotometric 
titrations of conalbumin and Fe-conalbumin. The 
remaining two ligands are presumably water molecules. 
It is therefore not surprising that the Fe** retains a 
moment of 5.9 Bohr magnetons in the complex. 

The phenols which coordinate to the Fe* titrate 
normally in the absence of iron, with a reasonable value 
for the intrinsic pK and the electrostatic interaction 
factor”; the phenolic hydroxyl groups are within 1 A 
of the solvent.” It was concluded that the Fe** is on 
the surface of the protein, and was in fact the basis for 
choosing conalbumin as a model compound. The great 
efficiency of Fe-conalbumin in relaxing proton spins, 
0.72 that for Fe** itself, strongly supports this con- 
clusion. 

This efficiency is itself a problem: there are only five 
protons in the first coordination sphere, and regions 
further out are shielded in part by the protein. An 
explanation will be advanced after the following 
examination. 

The data of King and Davidson for Mn** and its 
complexes are remarkable. For Mn?*+, Mn-nitrilotri- 
acetate [Mn(NTA)'-], Mn-ethylene-diaminetetra- 
acetate [Mn(EDTA)?~], with six, two, and no water 
molecules, respectively, in the coordination sphere, 
NT, runs as 1.57, 2.35, and 3.05. This would be a strik- 
ing confirmation of the translational first-power de- 
pendence of Eq. (3), which we have discarded, not 
without a certain act of faith, were it not that Morgan 


(1983) C. Warner and I. Weber, J. Am. Chem. Soc. 75, 5094 
21 A. Wishnia (Ph.D.thesis, New York University, 1957). 
% C. Tanford, J. Am. Chem. Soc. 79, 5340 (1957). 
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TABLE III. Representative values of r and 7, for Fe*+ and 
Fe-conalbumin.* 





T:X 10" sec 











® Computed from T,/r6=1.00X10*5 sec cm~®. 


and Nolle’s results* are consistent with a single 7, 
attributable to rotation. 

It is very likely that either hydrogen bonding or 
actual association of H* to the carboxylates raises the 
effective proton population of the coordination sphere 
to 4 for Mn(EDTA)?~ and 7 for Mn(NTA)*©, and 
that the longer 7, for the larger complexes does the 
rest. If chemical exchange of relaxed protons is im- 
portant in spreading the effect of paramagnetic ions 
to the whole solution, then, since the mean lifetime of 
protons on Mn(H;0),?* is 10° times the rotational cor- 
relation time,’ and the mean lifetime of a proton on a 
carboxylate must almost by definition be much less, 
the probability of finding a proton on a carboxylate 
need be only about as large as 10~* to give the proper 
effect. 

Rotation and electron spin relaxation, which affect 
the protons of the first hydration shell, combine as 

(1/re) exp= (1/tc) rot+1/rTs. (2a) 
The translational contribution to 7; arises from more 
distant protons. This correlation time is therefore not 
to be averaged in, even though 7, and r°/12D (for small 
r) are both of the order of 10-" sec. Rather, the mech- 
anism contributes an additive term to 1/71. 

Using Broersma’s formulation," and distances ap- 
propriate to Fe**, the rotational and translational con- 
tributions are in the ratio 8:1. If xu/aD, with a=4 A 
(see the following), and D=10~ cm? sec, is compared 
with the value of 3p 7.7-* computed from Eq. (2), 
using the experimental data and constants for Fe**, 
it is seen that the translational term is not more than + 
the total. The translation effect has been neglected in 
the subsequent computations. 

At the present time only the product 7.7~* has been 
determined for Fe**.§ 7, is extremely sensitive to changes 
in r. Representative values are given in Table III. 
The upper limit is 2.8 A, since it depends on using the 
van der Waals radius of oxygen 1.4 A which is excessive 
in pure water and presumably more so in the strong 
field of Fe*+. King and Davidson*® seem to have used 
2.44 A for the larger Mn?* hydrate. 


§ Undue weight should not be given to conclusions drawn from 
the small differences in N7, at 40 and 60 Mc (Table II). How- 
ever, the frequency dependence in Eq. (2) gives values of r- of 
3.0 and 2.5X 10 sec for Fe*+ and Fe=conalbumin, respectively. 
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For Fe*, 73> 1.35X10-" sec.|| From Eq. (2a), the 
most likely value of Trot is 4.0X10-" sec, and 7g con- 
tributes 23% of rex», with 14 and 36% as possible limits. 

In the case of Fe-conalbumin, translational contribu- 
tions must be smaller than for Fe**, owing to partial 
shielding of the solvent by the protein, and may be 
neglected. The experimental correlation time is thus 
necessarily the electron spin relaxation time 73. If one 
invokes association of H+ to the phenolates, to give an 
rz effectiveness vs Fe*+, then 7,¥e= 75°", If the proba- 
bility factor p is kept at 7% that of Fe*+, rg° is corre- 
spondingly larger. 

It should be possible to establish the relationships by 
extending this study to lower frequencies, and by 
investigating the temperature dependence of 7; in 
the manner of Gutowsky and co-workers.’ 

There is some evidence that the relevant 7, for Cr** is 
the electron spin relaxation time. The data of Morgan e 
al.” for various Cr** complexes are summarized in Table 
IV. Except for the hydrate, and possibly the oxalate, 
there are no rapidly exchangeable protons im the co- 
ordination spheres. If the H,O of the next shell is re- 
quired to rotate with the ions, the rotational correlation 
times become prohibitively long; accordingly, a tum- 
bling 7, seems unlikely. Nevertheless, calculation of r 
using Eq. (2) gives reasonable numbers for the Cr—H 
distances, if it is assumed that the H,O dipole orienta- 
tion changes with the sign of the ion. For example, 
the F—H separation in CrF,*- is between 1.5 and 2.0 A 
depending on the angle chosen for Cr-—F—H. Relaxa- 
tion of protons by flipping the electron spins deprives 
the coordination sphere of its unique role (if rs is the 
shortest correlation time the protons are treated as 
stationary), but the sixth-power dependence on r is 
preserved, and the nearest neighbors still dominate. 
The fact that Cr(NHs).** is +, as effective as 
Cr(H,O0).*+ may be used to justify the assumption, 
implicit in the foregoing discussion, that, at the present 
state of approximation, the contribution of protons in 
more distant shells may be neglected in calculating r. 


TaBLe IV. Cr—H distances in Cr*+ complex solutions.* 








Complex NT,X10' sec mole 





Cr (H20).#* 
CrF,?- 
Cr(NHs3)6* 
Cr (C204)3*- 
Cr (CN ) - 
Cr(en);3** 








® NT; from reference 10. 

b Computed from (ri/r2)*=T1'/T:? using the bracketed values of 1. for 
Cr(H20) «**. There are presumably more water molecules in the first hydration 
layer of the larger ions than the smaller, but using (ri/r2)4 would exaggerate 
these differences for ions of these dimensions; positive and negative ions would 
have to be treated separately. 


|| J. King (Ph.D. thesis, California Institute of Technology, 
1958). This was brought to the attention of the author by the 
referee. 





PROTON RELAXATION TIMES IN PROTEIN COMPLEXES 


Ferrihemoglobin 


To calculate the depth of Fe** in Hb* one must assume 
a value for rs and a model for the protein molecule. The 
value rs will be taken as equal to that for conalbumin; 
if rs is shorter because of the interaction of the ferric 
ions on the same molecule, the actual value of the Fe— 
H will be still smaller than the estimates obtained. 

It is assumed that the protein is a sphere of radius R 
centered on the origin. The independent Fe is located 
on the Z axis at a distance a from the origin; the distance 
D to a point on the protein surface is then D= ( R?+ 
a’—2aR cos0)!. We average D~* over the sphere and 
find 


f ‘ il “TRE sindd¢d6/ ( R*-+-a?—2aR cos0)*] 





(D*)= : 
f ts R' sinddedd 
= (1/8@R) {[1/(R—a@)*]—[1/(R+a)*]} 


[1/(R+a)* may be neglected ]. 

It is further assumed that the surface density of 
protons on the sphere is the same for Hb* as for 
Fe(H,0),**: P= p(R/r)?. On this basis there are about 
600 water molecules in the hydration shell of Hbt, 
about 20% of the weight of the protein. 

The ratio of 7; for Fe** and Hb*+ may be computed 


(4) 


from the relation 


(71) -/(T1)mo= P(D~*)/pr* 
=[(R/r)*r°/8aR(R—a)*}. (5) 


With R=27 A for 66000 molecular weight, and 
(71) re/T1)m»=0.0256, for r=2.8, 2.6, and 2.4 A, 
(R—a) is 4.3, 4.0, or 3.7 A.§ No attempt has been made 
to take account of the markedly anisotropic g factor 
for Hbt.* The positions of the hemes in Hb* are of 
course not known; shifting the heme around the mole- 
cule without altering either its orientation or the depth 
of Fe produces widely different angles between the 
normal to the heme plane and the normal to the protein 
surface, so that the effective g at a given point on the 
protein may not be determined. 1/7; presumably aver- 
ages g* as well as 1/r°. 

However, since g* changes by only a factor of 9,4 A 
is in error by no more than a factor of 1.7. A better 
estimate will require a determination of 7s. 
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{ The use of 0.0256 assumes that the residual electron spin in 
HbCN contributes nothing to the relaxation. If the value 0.0295, 
corrected only for solvent, is used, the estimates are decreased by 
exactly 0.1 A. 

33 J. E. Bennett and D. J. E. Ingram, Nature 177, 275 (1956). 
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The negative ion spectrum of CgFi0* at low electron energies has been obtained using the mass spectrom- 
eter. The most intense peaks are identified as CsF6O~, C7 Fu~, CsF9O~, CaF s0~, CF70~, CsFs0~, and CF;0- 
ions. Formation of the CF;O~ ion requires a rearrangement process. Appearance potentials and attachment 
energy ranges of the most intense peaks are given. Positive and negative ion fragmentation of the molecule 
is discussed relative to the components of the mixture, perfluoro-2-butyltetrahydrofuran and perfluoro-2- 


propyltetrahydropyran and its separation. 





I. INTRODUCTION 


HE high thermal stability, resistance to chemical 

reaction, and high electric strength of certain of the 
perfluorocarbons have led to interest in such com- 
pounds in the electrical industry.“ It is generally 
believed that the high electric strength of such gases 
relative to nitrogen arises from their ability to attach 
electrons.5 A study of electron impact in a completely 
fluorinated cyclic ether* having the empirical formula, 
CsFi¢0, was made. The material, prepared by an 
electrolytic process,’:* is an odorless, colorless liquid 
having a vapor pressure of 3 cm at room temperature. 
It is nonexplosive and nonflammable and can be heated 
to 600°C without evidence of decomposition. It is be- 
lieved to consist of a mixture of five- and six-membered 
ring compounds. The oxygen atom is contained in the 
ring and the fluorinated side chain is believed to be in 
the second position.’ In Fig. 1 is shown the proposed 
structure for the two components, i.e., perfluoro-2- 
butyltetrahydrofuran and __perfluoro-2-propyltetra- 
hydropyran. In the present investigation, the negative 
and positive ion spectra of the components of the 
mixture have also been obtained. 


II. EXPERIMENTAL 


Separation of the mixture was carried out on the gas 
chromatograph using activated alumina. The chroma- 
tographic record shows two major peaks, which are 
interpreted as major fractions plus evidence of two 
others. The two major fractions are designated as 
component I and II in the order of their appearance 
and represent at least 95% of the mixture. One of the 


1 J. H. Simon, Ind. Eng. Chem. 39, 238 (1947). 

2A. V. Grosse, G. H. Cady, Ind. Eng. Chem. 39, 367 (1947). 

3 L. Berberich et al., Elec. Eng. 74, 788 (1955). 

4P. Narbut and A. Maslin, Am. Inst. Elec. Engrs. Conf. v0 = 
No. 59-415, Winter General Meeting, New York (February, 1959). 

5’ W. M. Hickam and D. Berg, J. Chem. Phys. 29, No. 3, 517 

1958). 

6 Fe-75, Minnesota Mining and Manufacturing Company. 

7 Minnesota Mining and Manufacturing Company, British No. 
718318 (November 10, 1954). ‘ 

8 L. J. Halls, Minnesota Mining and Manufacturing Company, 
private communication. ; 

®FC-75, Technical Data, Fluorochem. Div., Chem. Prod. 
Group, Minnesota Mining and Manufacturing Company (1957). 


minor fractions showed great similarity to component 
II mass spectrometrically. The minor fractions are 
believed to be represented by the empirical formula 
CsF 0. Relative amounts of the two major fractions 
determined from the areas of the peaks placed the 
concentration at 35 mole % component I and 65 mole 
% component II. By using these cuts as calibrations, the 
mass spectrometer analysis of the mixture was 40 mole 
% component I, and 60 mole % component II. Both 
positive and negative ion mass spectra of the two cuts 
reveal large differences which suggest that component 
I is the six-membered ring compound and component 
II is the five-membered ring compound. Evidence for 
this tentative identification will be discussed later. 

The positive ion spectra were obtained using the 
21-103C Consolidated mass spectrometer with 70 ev 
electrons. The mass spectrometer utilized in the 
negative ion measurements was a 90° sector type in- 
strument of conventional ion source design. Electron 
currents of less than 3 wa were used to minimize space 
charge effects which influence such measurements. 
The entire ion source was operated from batteries. 
Operating pressures of the mass spectrometer were 
well within the range for which linearity of positive ion 
current vs pressure was observed. 


III. RESULTS AND DISCUSSION 


In taking the measurements, a mixture of SF. and 
the CsF;0 component being studied was introduced. 
The SF¢~ ion curve is used as an internal standard for 
establishing the appearance potential and attachment 
energy range. The appearance potential is determined 
by the vanishing current as compared to that of SF,-, 
which is considered zero.5 The attachment energy 
range for the formation of SF¢~ is considered zero, and 
the difference in the widths of the two curves is taken 
as the attachment energy range of the ion being meas- 
ured. In the case of ions formed with excess energy, 
the range may represent a minimum value. It is realized 
that the energy resolution would not permit the separa- 
tion of two or more capture peaks occurring with small 
energy separation. 


10 W. M. Hickam and R. E. Fox, J. Chem. Phys. 25, 642 (1956). 
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) 
7N 
Fe CF - CFp- CFp-CF5 


F.C CF, 


Fa 
Perfluoro - 2- propyltetrahydropyran (mol. wt. 416) 


) 
F.C CF-CF, -CF, -CF,-CFs 


F2c —— CF, 
Perfluoro -2- butyltetrahydrofuran (mol. wt. 416) 


Fic. 1. Proposed structures for the six (CsF:,O[1]) and five 
(CsFO[IT]) member ring components of CsF 0. 


In obtaining the appearance potentials for all the 
negative ions of CsF,.O using SF, as an internal stand- 
ard, one cannot check the electron energy distribution 
in the electron beam under similar electric and magnetic 
field conditions because of the large mass difference. 
In order to establish that the distribution was not in- 
fluenced by these factors, the electron energy distribu- 
tion was obtained from the derivative of the electron 
cutoff curve.” The retarding curve on the electron beam, 
ie, its derivative, N(V), and the SFs~ curve obtained 
are shown in Fig. 2. All curves were normalized to the 
same peak height for ease of comparison. Similar data 
for the CsFie0- component I are shown in Fig. 3. Data 
for component IT closely resemble that for component 
I. These results show that the same distribution curve 
was obtained when focused for mass 416 (CgF1O-) as 
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Fic. 2. jegnen nora of the SFs- curve to the electron ener 
distribution utilized. The two curves have been adjusted to the 
same height. The high energy side of the N(v) curve is to the left. 
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Fic. 3. Comparison of the CsFO[I] curve to the electron 
energy distribution utilized. The two curves have been adjusted 
2 yo! same height. The high energy side of the N(v) curve is to 

e left. 


for mass 146 (SF¢-), indicating that these instru- 
mental changes did not alter the electron distribution. 

Figure 4 shows the SF¢- curve along with the CsF;,0— 
curve. Comparison of the two curves indicates that the 
appearance potential of CsFis0- is possibly 0.1-0.2 
v higher than SF,- and that the attachment energy 
range as measured by the difference in the widths of 
the two curves is about 1.2 ev. In Fig. 5 is shown similar 
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Fic. 4. Comparison of the SF¢- curve from SF. and the CsF,,0- 
curve from CsF:sO[T] after adjustment to the same height. 
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Fic. 5. Comparison of the SFs~ curve from SF. and the CsFi¢0~ 
curve from CsF\O[II] after adjustment to the same height. 


data obtained from component II. The appearance 
potential and attachment energy range for these two 
components are approximately equal. The magnitude 
of the CsF,O~ peak observed in the mixture is com- 
parable to that of SFs- when a 50—50 mixture is used. 

The large attachment energy range requires that the 
electron be able to impart considerable energy to the 
molecule. Possibly, the explanation for such a large 
cross section is associated with the formation of CsF10- 
ion in an excited state in such a manner that the energy 
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Fic. 6. Comparison of the’SF.~curve from SFs and the C;Fu- 
curve from CgF,O[1] after adjustment to the same height. 


TABLE I. Appearance potential and attachment energy range for 
negative ions of CsFieO I and II. 





Negative ion A.P. (ev) Range (ev) 





CsFic0 
CsFic0 
CiFu 
Fu 
C;F,0 


CFO II C;F,O 





is distributed among several modes of vibration and 
rotation. This could conceivably allow the ion to exist 
in an excited state for a long time before the energy 
could be concentrated in a mode, which would result 
in either the ejection of an electron or a dissociative 
process. Possibly, the life time of the CgFi¢0~ ion might 
be associated with the opening of the ring. 

In Fig. 6 is shown the curve obtained for the C;,Fy- 
ion of CsF\O I. The appearance potential is some 0.4 
ev and the attachment energy range 1.5. A summary of 
the average appearance potential and attachment 
energy ranges relative to SF, for three of the major ions 
is shown in Table I. 

The relative intensities of the most abundant nega- 
tive ions of the two components are shown in Table II. 
In addition to these, C;F/0, C.F 5, C,F,0-— . C.F » 
CeFyO-, CeFux~, CrFio~, CrFis~, CoFuO-, and CsF ie 
ions were detected at a low intensity in the mixture. 
The inability to observe these ions in the separated 
components is believed due to the limited sample size 
available rather than their absence in the spectrum. 
The large CF" ion indicates that removal of a CF,0 
fragment and the resulting opening of the ring to form a 
linear molecular ion is very probable. The C,FsO- 
intensity relative to the base peak is much greater in 
component I. In the six-member ring compound, this 
ion can result from the molecular bonds being severed 
in two different ways. However, in the five-member ring 
compound the formation of this ion would require 
rearrangement. These facts suggest that component I 
is the six-member ring compound. The C,F;O- ion 
intensity is greater in component IT. In the six-member 
ring compound, the formation of this ion would require 
a process similar to that for the formation of the C,F,;0- 
fragment mentioned above and the simultaneous loss of 
one additional F fragment from it. In the five-membered 


TABLE II. Relative intensities of CsFigO negative ion spectra. 





Ion CsF 0 I CsF 0 II 





<0. <0. 








ELECTRON ATTACHMENT IN CsF:i,.0 


ring compound, this ion could be formed by detachment 
of the butyl group, a process which suggests that 
component II is the five-membered ring compound. 
Similarly, the C;F,;O~ ion intensity is somewhat greater 
in component I which can be interpreted as evidence 
that this is a six-member ring compound. It is interest- 
ing to note that a large number of the major negative 
ions contain the oxygen atom. The CF;O~ ion was 
observed in both components. A detailed check of the 
isotopic peaks of this ion substantiated the identifica- 
tion. Its formation would require rearrangement. 

The intensities relative to CF;+ for some of the posi- 
tive ions are shown in Table ITI. The relative abundan- 
ces of the CF; positive ion are approximately equal for 
both fractions. No parent molecular ion is observed. 
The heaviest positive ion fragment detected is CgF Ot 
(m/e 397). The intensity of C,F,O+ ion of component 
II is about six times the same ion of component I. 
As in the formation of the C,F,O~ ion, this ion repre- 
sents the ring of the five-member ring compound, and 
it would require considerably more fragmentation 
to arise from the six-member ring compound. Similarly, 
the C;F,O+ ion represents the ring of the six-member 
ring compound, and in component I it is seven times 
the intensity of the ion in component IT. These facts 
along with those associated with the C,F,O- and 
C,F,O~ ion intensity indicate that component I is the 
six-member ring compound, and component II the 


five-member ring compound. Major peaks in the posi- 
tive ion spectrum do not contain the oxygen atom. In 
addition to the above differences in the positive ion 
spectra of both components, there are two peaks which 
are detected in CgF,O II at m/e 66.7 and 145, which 
appear to have originated from metastable ions. 


IV. SUMMARY 


In summary, it has been shown that the perfluoro- 
carbon consists of two major components. These have 
been separated with a chromatograph, and their rela- 
tive abundance calculated to be of the order of 40% I 
and 60% II. The negative and positive ion spectrum 
exhibited evidence that component I is the six-mem- 
bered ring compound with a propyl chain, and com- 
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TABLE IIT. Relative intensities of CsF:60 positive ion spectra. 





Ton CeF 160 I CsF 160 II 
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ponent II is the five-membered ring with the butyl 
chain. A number of negative ions are found, the most 
abundant being CsF,,O~ at a level comparable to SFs~ 
from SF¢. The CgFi¢0~ ion in both the pyran and furan 
form exhibit an appearance potential of the order of 
0.2 vand an attachment energy range of 1.2 ev relative 
to SF.. The second most abundant negative ion is 
C;Fy-, which possibly results from the opening of the 
ring and the emission of a CF,O fragment. The forma- 
tion of CF;O- ion requires rearrangement. The heaviest 
positive ion observed is CsF,,0+. The intense negative 
ion spectrum of this compound is further evidence 
that electron attachment processes play an important 
role in establishing high electric strength as is associated 
with CgF;,0. 

The authors wish to. acknowledge the assistance of 
Dr. J. H. Lady and Mr. I. Kesse for the chromatog- 
raphic separation of the perfluorocarbon mixture. 
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A detailed investigation has been performed in the 1- to 3-~ wavelength region on the radiation emitted 
by the hydroxy] radical from a low-pressure flame of ozonized oxygen and atomized hydrogen. Wavelengths 
and photon intensities have been obtained for about 300 lines in the OH vibration-rotation bands V- 
V—AV where AV=3, V=9 to 5, and for AV=2, V=9 to 2. Relative photon band intensities have been 
determined from the overdetermined set of data by a method of successive approximations using an IBM 
650 computer. Dipole moment parameters have been calculated using the above data and Morse oscillator 
transition probabilities. 

Approximate rotational and vibrational Boltzmann distributions exist with an average rotational “tem- 
perature” of 560°K for the P branches, 460°K for the R and Q branches, and a vibrational “temperature” 
of 9250°K for the AV=2 and 3 bands. The absence of radiation from levels V >9 confirms the nonthermal 
character of the excitation and its dependence on the energetics of the reaction O;+H--OH+0Os. More- 
over, flux calculations based on the assumption that in this case collisional deactivation transition proba- 
bilities are proportional to the radiation probabilities show that there is an appreciable OH production in 
all levels V <9 and the main flux of OH through any population level is via AV=1 transitions. Possible 


causes for the large changes in line intensity with pressure and smaller but significant changes with flows 


or concentrations are discussed. 





INTRODUCTION 


HE character of the radiation produced in the low- 
pressure atomic flame that results on mixing H 
atoms with ozone has been ascribed to 


H+0;~0H*+0:, 
OH*—0H+i», 


and has been reported on previously.-~* This com- 
munication summarizes detailed studies of. the hy- 
droxyl radical bands emitted between 1 and 3 yu. Follow- 
ing an exposition of the experimental procedure and 
the results derived therefrom, the mode of production 
of the hydroxyls, and several subsequent physico- 
chemical processes are discussed. 


EXPERIMENTAL 


The description and operation of the apparatus in 
which the radiation was produced was that used for 
the study of this flame in the photographic infrared 
region. The spectroscopic technique differed appreci- 
ably. The flame, viewed end on as before, was reflected 
by a plane mirror onto a spherical mirror which focused 
the source onto the entrance slit of the monochrometer. 
This instrument was a modified Perkin-Elmer Model 


af seg Sapprted by the U. S. Air Force under Contract No. AF- 


18(603)134 (with Princeton University) and No. CSO 680-56-30 
(with the National Bureau of Standards). Air Force Office of 
Scientific Research Tech. Note 59-746. 
ws Garvin, and Boudart, J. Chem. Phys. 23, 784 
*T. M. Cawthon, Jr., and J. D. McKinley, Jr., J. Chem. Phys. 
25, 585 (1956). ~ J MS J . 
3 F, Kraus, Z. Naturforsch. 12A, 479 (1957). 
‘ David Garvin, J. Am. Chem. Soc. 81, 3173 (1959). 


99 double-pass spectrometer using 13-cycle modula- 
tion and the P-E Model 81 amplifier. The modifica- 
tions, similar to those described by Lord and McCub- 
ben,® included the replacement of the prism and Littrow 
mirror by a 3X3 in. plane grating and the substitution 
of a dry ice-acetone-cooled lead sulfide detector for the 
thermocouple. 

In this work both a 7500 line/in. and a 15 000 line/in. 
grating were used. Higher order spectra were removed 
by filters placed in front of the entrance slit. A Corning 
2540 Filter was used for the region from 1.0 to 1.9 » 
and a Baird Associates germanium filter at longer 
wavelengths. 

The spectral slit widths varied from 3 to 10 cm™ 
and were sufficiently large that the observed peak 
intensity of a single OH line should be proportional to 
its actual integrated intensity. Also the peak intensity 
observed for a number of unresolved OH lines should be 
proportional to the sum of the integrated intensities of 
the individual lines, at least within the experimental 
accuracy, if the maximum separation of the lines is 
less than 1 cm~. In most cases the last condition holds 
for the unresolved lambda doublets, hence only observed 
peak intensities for the two resolved spin doublet com- 
ponents of each rotational line are reported here. 

Mercury, helium, and water vapor lines were super- 
imposed on the flanie spectrum in order to obtain the 
wavelength calibration of the spectrometer. Hydroxyl 
lines that lie in the nieghborhood of calibrating lines 
are probably accurate to within 2 A; the others are 
probably within 5 A of their true values. 

The spectrometer was calibrated for relative intens- 
ity response against a tungsten strip lamp operated at a 


( 5 35) C. Lord and T. K. McCubben, J. Opt. Soc. Am. 45, 441 
1955). 
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HYDROXYL RADICAL EMISSION 


brightness temperature of about 1435°C (Int. 1948). 
This radiation was weakened to the intensity level of 
the OH lines by reflection from a piece of spectrally 
calibrated MgO. The alternative, the use of a lower 
brightness temperature was avoided because data on 
the emissivity of tungsten at such low temperatures 
were not available. The energy received by the spec- 
trometer detector per unit wavelength interval was 
calculated from the blackbody radiation law, corrections 
being made for changes in the emissivity of W,® the 
reflectance of the MgO and the dispersion of the spec- 
trometer with wavelength. In computing intensities of 
the OH lines allowance was made. for the transmission 
of the quartz window on the source. The accuracy of 
the relative intensities of OH lines is estimated to be 
better than 20% except for the weakest lines. This 
estimate is based on these factors: (a) uncertainty in 
the relative emissivity of W=+5%; (b) uncertainty 
in brightness temperature and due to nonuniformity of 
the tungsten strip=+5%; and (c) reproducibility of 
the OH lines, which was +2% for the strongest and 
+10% for those 7’, as strong. 


RESULTS 


The spectral region from 1.05 to 3.2 u was surveyed. 
About 300 lines (unresolved lambda doublets) as- 
signable to OH vibration rotation bands were identified 
in the region from 1.076 to 2.360 uw. These comprised 
lines in the P, Q, and R branches of each of the follow- 
ing bands: AV=3: 9—6, 8—5, 7—4, 6—3, 5-2; 
AV=2: 9-7, 8—6, 7—5, 6—4, 5—3, 4—2, 3-1, 
and 2—0. In addition weak emission probably due to 
the 4—1 band appeared. No definite indications were 
found near 3 yu of any of the AV =1 bands, but this was 
a region of low sensitivity for the instrument. No 
evidence was found of bands originating in the 10th 
vibrational level, i.e., 10—7 and 10—8, although these 
were expected on the basis of previous work.*4 A very 
small number of lines, all relatively weak, could not be 
assigned with certainty to OH; they remain unidenti- 
fied. 

The general appearance of the higher bands described 
earlier apply to those found here, except that the R 
branches come to a head at larger values of K (the 
rotational quantum number) and the first few Q 
branch lines often appeared as unresolved spin doublets. 


A. Wavelengths, Identifications, and Energy 
Levels 


The wavelengths of OH lines, corrected to vacuum 
conditions, were determined from the spectrometer 
dispersion calibration and are reported in Table I 
along with their identifications. The wavelengths 
agree closely with those calculated from energy level 


¢ J. C. DeVos, Physica 20, 690 (1954). 
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data’* for all bands originating in »=6. Because of 
some minor discrepancies among the energy levels for 
v=7, 8, and 9 which could be calculated from previous 
work,?? these were recalculated from the data reported 
here. They are given in Table II. 


B. Intensities 


The relative photon intensities of the lines are also 
reported in Table I. These, as well as the rotational and 
vibrational level population estimates made from 
them (but not the derived dipole moment parameters) 
are dependent upon the experimental method used to 
produce and observe the radiation. 

(1) Experimental conditions——In the normal course 
of this work hydrogen atoms produced by a high-voltage 
electrode discharge in moist hydrogen were mixed with 
ozonized oxygen. The data in Table I are based on this. 
The effect on intensities of flow rates, reagent concen- 
trations, and pressure is described in the following. 
Variations in intensity refer to the Q (1) lines of the 
bands. 

(a) At constant total pressure and hydrogen flow 
either an increase in the ozone content of the ozonized 
oxygen stream or an increased flow rate of the latter 
increased the line intensities linearly without changing 
appreciably the relative intensity from band to band. 

(b) At constant ozonized oxygen flow and total 
pressure, the variation of hydrogen flow through the 
electrode discharge increased the intensities markedly, 
a 50% flow increase causing threefold, fourfold, and 
fivefold changes in 4—2, 5—3, and 6—4 Q(1) lines, 
respectively. 

(c) A marked pressure effect was found. Intensities 
decrease with pressure increase, the change being more 
marked for higher overtone bands. This is shown in 
Fig. 1. 

(d) Both a high-voltage electrode discharge and a 
microwave generator were used to produce hydrogen 
atoms in both moist and dry hydrogen. All of these 
gave about the same intensity for 4—2 Q(1), but the 

—4 Q(1) was, surprisingly, variable: 


6-4 Q(1) Intensity relative to 4-2 Q(1) 

Dry H: Moist H, 
0.86 0.93 
1.01 0.50. 


In addition use of both exciting sources in series on 
moist H, reduced the 4—2 Q line 18% without changing 
the 6—4 intensity. 

(2) Rotational analysis—The apparent rotational 
temperature of the hydroxyl radicals was determined 


High voltage 


Microwave 


7G. H. Dieke and H. M. Crosswhite, “The ultraviolet bands 
of OH: Fundamental data” [“ Bumblebee Series” Report No. 87 
(The Johns Hopkins va a Baltimore, Maryland, 1948)]. 
(1983) C. Herman and G. A. Hornbeck, Astrophys. J. 118, bu 
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TaBLE I, Wavelengths, intensities, and identifications for OH vibration-rotation lines emitted in the H—O; flame at 4.2 mm Hg. Wave- 
lengths in A reduced to vacuum. Relative intensities: J/v‘= Nf. 
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® Overlapped by another line, intensity shown is the sum. 
b Broad. 

© Minor overlap. 

d Water vapor absorption interference. 

© Questionable wavelength. 

f See supplemental list. 
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from the intensity distribution within each band. 
Plots of log (photon intensity/rotational line strength) 
vs upper state energy level were prepared, using the 
line strengths given by Benedict, Plyler, and Hum- 
phreys® as in earlier work. These plots, prepared 
separately for the P, Q, and R branches, were reason- 
ably straight lines, although with appreciable scatter. 
Rotational “Temperatures” for the P branches, in- 
cluding both lambda components of each line, of 12 
bands averaged 560+30°K with a range from 617 to 
497°K., (One band, 9—6, with Tz=375 was omitted.) 
Where available, R and Q branch rotational tempera- 
tures were about 100°K less. The scatter in “tempera- 
tures” from band to band showed no definite progres- 
sion with Av or with upper state. 

(3) Vibrational analysis—In our earlier work the 
relative intensities of the vibrational bands were 
determined from the average of ratios of intensities of 
lines with the same rotational quantum number in 
pairs of bands. This method required the assumption 
that the rotational line strengths were independent of 
the extent of vibration excitation. In line with the 
analysis by Herman, Rothery, and Rubin” of the in- 
fluence of rotation on the intensities of rotation-vibra- 
tion lines, another technique has been employed. For 
a given pair of bands, the intensity ratios for P and R 
branch lines with the same K were plotted against 
+ K, respectively, and the interpolated intensity ratio 
at K=0 was determined. Since the rotational correc- 
tion is zero at this point (and increases with K), the 
interpolated value should approximate very well the 
true vibrational intensity ratio Nifvao/Nufvaw (No 
is the population in the vth level and f,,4, the transition 
probability for the transition »—v— Av). In addition, 
ratios of intensities of the Q(1) lines were determined. 
These yield approximately the same quantity. (The 
ratio technique automatically corrects for the quasi- 
thermal rotational distribution without imposing an 


TasBLeE II. Energy levels (cm™, vac.) for OH in vibrational 
states 7, 8, and 9 based on measured P branch lines in the bands 
7-4, 7-5, 8-5, 8-6, 9-6, and 9-7. 
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21 537 
21 599 
21 687 
21 801 
21 942 
22 107 
22 297 
22 516 
22 758 


21 667 
21 709 
21 785 
21 888 
22 013 
22 174 
22 356 
22 569 
22 808 


26 187 
26 242 
26 322 
26 424 
26 548 
26 696 
26 865 
27 057 
27 271 


26 314 
26 354 
26 421 
26 510 
26 626 
26 766 
26 927 
27 115 
27 328 


CONIA ME WN 





ao acai Plyler, and Humphreys, J. Chem. Phys. 21, 398 
om Rothery, and Rubin, J. Mol. Spectroscopy 2, 369 


IN THE H+0; ATOMIC FLAME 








PRESSURE, mm, Hg 


Fic. 1. Variation with pressure of relative photon intensities of 
hydroxy] emission bands. 


intermediate averaging process in the calculation.) 
Such ratios were determined for contiguous bands and 
for all pairs with the same upper state, and, where 
data appeared to be unreliable, for noncontiguous 
bands. 

This procedure overdetermines the relative intensities 
for the 13 bands observed (for the P— R plots 21 ratios 
were determined). Formally the reduction of this over- 
determined set is the same as that described by Worth- 
ing and Geffner™ for determining the most probable 
values of the fundamental physical constants. Here the 
twelve simultaneous linear equations were solved for 
the relative band intensities by successive approxima- 
tions (Gauss-Siedel and Gauss methods) using an 
IBM 650 computor. This machine technique was 
applied to the P—R branch interpolations, and to the 
Q branch ratios (both based on the data in Table I). 
(The “best set” previously reported for the bands in 
the photographic region was prepared in this manner.) 
In all three cases both weighted and unweighted sets of 
ratios were treated, the weights being set (approxi- 
mately) inversely proportional to scatter of the data. 
The weighted P—R interpolation and photographic 
infrared region results, arbitrarily adjusted to the same 
scale by equating the value for the 5—2 band which 
appears in both sets, and the Q(1) results are reported 
in Table III. The weighted P—R results, based on a 
larger set of data, are considered the most reliable. 
Unweighted results agree with those shown within 15% 
in all and within 5% in half the cases. 

Machine solutions of such problems are highly 
desirable. Twenty to eighty iterations of each set were 
required before the approximations gave results stable 
to three figures for each band intensity. When using 
the “Bell I Interpretive Code” one-half to one and one- 
half hours of IBM 650 machine time were required per 


1A. G. Worthing and J. Gefiner, Treatment of Experimental 
Data (John Wiley & Sons, New York, 1943), p. 216 ff. 
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TABLE III. Relative photon intensities (J/v‘= Nv,av) of vibrational bands of OH. P— R: based on interpolated value for the rotationless 
state, or on the photographic studies where only one value is shown. Q: based on the Q(1) line. All values are weighted results. 
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* Tie point hetween photometric and photographic data. 
b Arbitrary base value for both P—R and Q sets. 


problem. The slow (and erratic) convergence coupled 
with arithmetic errors makes hand solutions unreliable 
and unprofitable. 

(4) Dipole moment parameters.—The method used to 
extract the dipole moment parameters of OH, using 
Morse oscillator transition probabilities and a series 
expansion of the dipole moment about the equilibrium 
position has been described elsewhere.* Values for the 
additional integrals needed here are given in Table IV 
and the dipole parameters in Table V. 

(5) Vibrational level population estimates—The + 
values for the dipole parameters of the P—R set give 
transition moment integrals significantly different from 
zero. The — set of roots does not, a situation found 
earlier for the photographic region bands. Limited tests 


TABLE IV. Transition moment integrals for the Morse Oscillator 
with a series dipole moment, k=39.57 (OH). (See reference 5 
for additional values and definitions.) 
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—4.30 
+1.66 
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indicate that the Q set roots also give null transition 
moments. Accordingly the analysis of vibrational level 


populations was based upon the + roots of the P—R 
set. This is summarized in Fig. 2 which also contains 
the result of applying these constants to the Av=5 
series of the laboratory work and to Meinel’s night 
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Fic. 2. Relative populations of hydroxy] radicals observed in 
the H+O; reaction at 4.2 mm Hg, based on dipole moment 
parameters determined from Av=2 and 3 intensities. 
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TABLE V. Transition moment parameters for OH. 





(M2/8M,+3M;, Ink/g*M;)* 


(M;3/M1) 


(M2/6M,)° 


+: 0.5740.12 


1.12+0.04> 


: 3.0640.22 1.2340.22 


: 1.3140.31 
: 2.25+0.45 


: 0.034+0.013 
: 0.23340.021 


: 0.094+0.026 
: 0.204+0.043 


: 0.1940.2 
: 0.50+0.3 


: 0.27+0.4 
: 0.50+0.6 


0.0680 .003> 
0.076+0.01 


0.37+0.05> 
0.40+0.14 





® Lnk=3.68, 8 =2.32108 cm-; all values in table are positive. 
> Reference 5 (in which the symbols used here are defined). 
© Derived from items above, propagated standard error shown. 


sky observations.” This plot, interpreted in terms of a 
Boltzmann distribution, yields a vibrational “tempera- 
ture” of 9250°K for the Av=2 and Av=3 bands. 


DISCUSSION 


The increased precision of the photometric data 
compared to the photographic results has removed some 
of the earlier ambiguities and also has justified the 
view that the behavior of this system is quite complex. 
Moderately concordant Boltzmann population distribu- 
tions among rotational levels in different bands have 
been found, and the discrepancy between rotational 
analyses based on the two spin doublet components has 
disappeared. Molecular parameters derived from low 
Av transitions do not invariably lead to transition 
probabilities equal to zero (within experimental error). 
This indicates, as may be expected, that the Morse 
oscillator model is more reliable for small than for large 
deviations from harmonic oscillator behavior. It is 
unfortunate, however, that the parameters needed for 
mapping the dipole moment variation with internuclear 
distance are highly unreliable—a situation due to the 
propagation of errors. It remains true, on the other 
hand, as shown by the signs and magnitudes of these 
parameters that higher order terms are appreciable and 
that the dipole moment is probably changing rapidly 
over the range of interest. 

The vibrational population estimates confirm the 
nonthermal character of the excitation, and its depend- 
ence on the energetics of the O;+H—-OH+0; reaction. 
The absence of radiation from level »=10 here, and 
the very low intensity level previously reported are the 
strongest indicators. The approximate Boltzmann 
distribution for levels with v<9 raises an interesting 
question concerning the levels in which the excited 
hydroxyls are produced. 

It may be assumed that the system observed here is 
in a steady state; that the rate of disappearance of OH 


#2 A. B. Meinel, Astrophys. J. 111, 555; 112, 120 (1950). 


in any level is equal to its rate of formation. According 
to weak interaction (Landau-Teller) theories, transition 
probabilities for collisional deactivation are proportional 
to the radiation probabilities,“ and hence a system in 
which collisional quenching is important“ will behave in 
the same manner as one in which radiation loss is the 
main mode of deactivation. Thus the observed popula- 
tions and transition probabilities may be used to deter- 
mine the details of the steady state flux through any 
population level. When, for a given level, the rate of 
appearance of OH from higher states and the rate of its 
disappearance to all lower levels are calculated it be- 
comes apparent that the main flux is via Av=1 transi- 
tions. However, in all cases the flux into a state is less 
than the flux out. The difference is construed as the 
rate of production in that state. The fluxes based on 
Table I data and also the differences for the data taken 
in the pressure study are given in Table VI. (Magni- 
tudes in the last three columns are only approximately 
comparable.) Thus, an appreciable rate of production 
of hydroxyls is indicated for all levels. The markedly 
higher rate for level 4 suggests the occurrence of the 
(adiabatic) process producing electronically excited 
oxygens: 


H+0;~0H (o=4)+02(72,*). 


Since the enthalpy of the reaction is 27 200 to 28 600 
cm~', excitation of the oxygen (>13 195 cm™) leaves 
14 100 to 15 400 cm™ for hydroxyl excitation. This is 
sufficient for »=4 but not for »=5. The forbidden 
“atmospheric” bands of oxygen, originating in the 
1Y,+ state, were observed. by Cawthon and McKinley? 
in very long exposures of this flame. The analysis here 
confirms that the emitter is produced in the primary 
reaction. 


of system see Bazley, Montroll, 
Rubin, and Shuler, J. Chem. Phys. 28, 700 (1958); and earlier 
pers in their series.. 
44 Strong collisional quenching is s 


uggested by the rate meas- 
urements: David Garvin and J. D. McKinley, Jr., J. Chem. Phys. 
24, 1256 (1956). 


13 For nd (for to this ty: 
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TABLE VI. Steady state analysis of excited OH production. 





(Population numbers are on an arbitrary scale. First five columns refer to 4.2 mm data only.) 
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® Estimates based on extrapolations. 


This finding raises the question of the state of the 
oxygen molecule that is formed along with OH in 
levels higher than »=4. Adiabatic (spin) requirements 
permit vibrational excitation of ground state oxygen 
(*2,-). In addition, production in the 'A, level (7918 
cm~') is allowed. Since transitions from either of the 
singlet states to the ground state are forbidden, the 
presence of metastable oxygen molecules in appreciable 
amounts in this system is indicated. They may be 
expected to enhance the rate of decomposition of ozone, 
and probably to react with hydrogen via 


O.+H:—HO,+H. 


A few rough thermochemical calculations will serve 
to put the preceding discussion in perspective.t If the 
enthalpy of the primary reaction is taken as 77.1 kcal/ 
mole and the mole fractions after reaction, as OH= 
0.028, O.=0.937, H2=0.035 (see reference 5), then the 
total gas mixture could be heated adiabatically at 
constant pressure from 300 to 600°K. This final tem- 
perature is slightly higher than the observed rotational 
temperatures, but does indicate nearly complete ro- 
tational, and, presumably, translational and PV 
equilibration. If initially both the OH and O2 product 
molecules were fully excited under constant volume 
conditions, but the rest of the mixture was not, their 
temperature would be 6000-6500°K, appreciably lower 
than the observed steady-state population distribution 
of OH. If OH alone were excited, its initial temperature 
would be about 15 000°K. A similar estimate applies 
to the case where only the internal degrees of freedom 
of OH and O; are initially excited. These estimates do 
not allow for dissociation, the energy of reaction being 
too small to permit this. These comparisons alone 
emphasize the nonthermal nature of the radiation. They 
also suggest that the observed vibrational distribution 
represents a partial (and appreciable) relaxation from 
the initial distribution of energy. If the latter is given 
by the rate of production figures in Table VI, then the 


t We are indebted to Professor D. F. Hornig for suggesting 
these comparisons. 


indication is that vibrational energy distributions relax 
more rapidly toward Boltzmann Series, than 
toward thermal equilibrium. 

The changes in intensities produced by varying the 
experimental conditions are the results of changes in 
reagent flows, quenching, and hydrodynamics. The 
linear increase in line intensity with either ozone or 
ozonized oxygen flow may be attributed to more reac- 
tion acts per unit time, ozone being in short supply. The 
marked intensity increase with hydrogen flow rate is 
due, in the first instance, to constriction of the inner, 
ozone bearing, stream and hence the reaction zone to 
the volume viewed by the spectrograph. Increased H- 
atom flow also contributes to this constricting effect. 
[Although the stability of the experimental system 
indicated that there was always an excess of hydrogen 
atoms (all ozone being destroyed), there was no as- 
surance that the spectrograph viewed all parts of the 
flame zone equally. | 

Of more interest are the relative intensity changes 
from band to band. The larger increases in line intensi- 
ties in bands with high upper states as the hydrogen 
mole fraction increases suggests a much lower quench- 
ing efficiency for H, than for O2. However, it is difficult 
to account for the relative changes from band to band 
on this basis quantitatively. An alternate explanation 
is than an efficient secondary reaction occurs 


OH+H,—H,0+H, AH=-—13 to —17 kcal/mole, 


E*=14 kcal/mole. 


Hydroxyls with v>2 have sufficient excitation to pro- 
vide the activation energy,” hence the reaction may 
well be efficient. Since the lower levels have higher . 
populations, this process coupled with reaction of this 
new H atom with ozone can repopulate the upper levels 


Py W. we and H. Klinkhardt, Trans. Faraday Soc. 
431 (193 
is G. von Elbe and B. Lewis, J. Am. Chem. Soc. 54, 552 (1932). 


00). B. Callear and J. C. Robb, Trans. Faraday Soc. 51, 649 
19 
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preferentially. The curious negative rates of formation 
in level »=2 may be a result of this. 

The most obvious cause of the decreased intensities 
at higher pressures would be collisional quenching. How- 
ever, these experiments were made at high hydrogen 
flows, which means, taken together with the constrict- 
ing effect of the pressure increase, that more of the 
reaction zone was viewed at the higher pressure. Also, 
the quenching follows a typical low for the variation of 
intensity with pressure: J=a/(1+5P) only for v'=3. 
For v'=4, I=c/P, and for v'=5, 6 and 7, I=d/P*, 
where d depends on the vibrational level. This strong 
dependence on pressure is due to a decreased rate of 
production of hydroxyls in the upper levels at higher 
pressures (see Table VI). The cause of this is not 
clear. A decreased discharge efficiency at the higher 
pressure would expand the reaction zone, and also de- 
crease the contribution of the secondary reaction to the 
repopulation of the upper levels. In addition, three- 
body reactions 


H+0;+0:-0H+0,+-0,* (!2,*) 
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or the sequence 
H+0;-0H*+0:, OH*+0;-0H+0;*('2,+) 


may be important. Any level of OH above »=4 can 
provide sufficient excitation for the latter. For this to 
be the favored quenching mode, it can be visualized 
only as a strong interaction comparable to that which 
occurs in a chemical reaction. At present a choice be- 
tween these alternatives is not possible. 
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Unperturbed Chain Dimensions of Polymeric Chains* 
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Methods are given for the calculation of polymer chain dimensions unperturbed by excluded volume 
effects but dependent on restricted rotation around the chain bonds as a result of interactions between 
substituents on neighboring chain atoms. The matrix methods used by most previous investigators are 
valid only for cases where the rotations, or pairs of neighboring rotations, are noninteracting. The methods 
recently developed by Lifson to account for interactions between any two consecutive rotations in chains 
of the type (CR2); are extended to chains of the type (CH:—CR;); and isotactic chains of the type (CH:— 


CHR);. 


As an illustration the chain dimensions of polyisobutylene are calculated by using parameters from x-ray 
data in the crystalline state and results from stress-temperature measurements on amorphous networks. 
Reasonable agreement is obtained with experimental data on dilute solutions of polyisobutylene. 





INTRODUCTION 


URRENTLY much attention is being focused on 
the study of the dimensions of polymer chains in 
solution. In view of the increasing availability of rele- 
vant experimental results, the calculation of average 
dimensions from the detailed geometry of the chain has 
assumed considerable importance. It is well known 
that these dimensions are dependent on interactions of 
the segments with one another and on interactions of 
the segments with the solvent. Of paramount im- 
portance is the hindrance to rotation around each 
bond in the chain. Moreover, this hindrance to rotation 
about a given bond must depend in general on the 
angles of rotation for neighboring bonds. An adequate 
theory should take account of these interactions be- 
tween rotations. Achievement of this end poses severe 
mathematical difficulties. It has consequently been 
customary to adopt, implicitly or explicitly, the 
simplifying assumption that bond rotations are mu- 
tually independent. 

Not only are interactions between near neighboring 
bonds to be reckoned with; it is also necessary to take 
cognizance of longer range interactions, which give rise 
to an excluded volume effect. However, if the sequence 
of the chain atoms between two interacting segments is 
long, this interaction can be treated as one between 
independent segments and is therefore analogous to a 
solvent effect. For a dilute solution in any given solvent 
it has been shown that by a proper choice of the tem- 
perature (the 6 point) the conformations of the chain 
are not perturbed by excluded volume effects.! This 
appears to be true also for concentrated solutions and 
for the polymer in bulk. Under these circumstances 
the chain dimensions are determined only by the 
potential energy associated with angles of rotation 
around neighboring bonds. In the following, all con- 
siderations will apply exclusively to unperturbed chains. 

* Paper presented in part at the American Physical Society 
wri a & in April, 1959 at Cambridge, Massachusetts. 


P. J. Flory, Principles of Polymer Chemistry (Cornell Uni- 
versity Press, Ithaca, New York, 1953), Chap. 14. 


It is the object of this paper to present methods for 
taking account of the interdependence of rotations in a 
general way and to illustrate application of these 
methods. 

Volkenstein? has recently given an account of the 
calculation of chain dimensions using the powerful 
methods of matrix algebra, originally employed by 
Eyring.’ These methods for chains in which the rota- 
tions are assumed to be mutually independent were 
extended‘ in the following way to chains of the types 
(CH,—CR:—) ; and (CH;—CHR—); in which rota- 
tions are pairwise interdependent. The rotations around 
the bonds connecting the CH: groups with neighboring 
C atoms were assumed interdependent due to interac- 
tions between the bulky R groups, but the rotations 
around the bonds connecting the CR, or CHR groups 
with the neighboring CH: groups were assumed inde- 
pendent of each other. With these assumptions, es- 
sentially the same mathematical methods can be used 
as for independent rotations. Agreement with experi- 
ment was greatly improved by this device. However, 
it is to be expected that in many cases these assump- 
tions are unrealistic. Very recently Lifson* showed how 
interactions between any two consecutive rotations in 
chains of the type (CR); can be taken into account. 
In the following section these methods are applied to 
other types of chains. 


METHODS 


The methods developed here are based on those 
given by Volkenstein and Ptitsyn? and Lifson.5:* Since, 
however, minor differences exist, the principles of the 
procedure are briefly outlined. 

An orthogonal coordinate system is attached to each 
bond of the chain, the Z axis pointing in the direction of 


? M. V. Volkenstein, J. Polymer Sci. ait 441 (1958). 


3H. Eyring, Phys. Rev. 39, 746 (193: 
40. B. Ptitsyn and I. A. Sharonov, Zhur. Tekh. Fiz. 27, 2744 
and 2762 (1957). 

5S. Lifson, J. Chem. Phys. 29, 80 ey 


6S. Lifson, J. Chem. Phys. 30, 964 (1959) 
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each bond. The Y axis is located in the plane of this 
bond and that of the preceding one and points in the 
direction which forms the smallest angle with the 
Z axis of the previous bond. The X axis forms a right- 
handed coordinate system with the Y and Z axis. For 
a given set of rotational angles, each bond vector is 
represented by a column vector (00/) in its own co- 
ordinate system, where / is the bond length. If, however, 
all bond vectors are expressed in a common coordinate 
system, for example that corresponding to the first 
bond, the components of the resultant are easily found 
as the sum of the components of the bond vectors. The 
transformation T; which transforms the (i+1)th 
coordinate system into that of the ith is a third order 
matrix and is given by 


—cosp; —a;sing; 6; sing; 
sind; —a;cosd; B; Cos; |, 
0 B; as 


T.= (1) 


where a;=cos@;; 8;=sin#,;; 6; is 180° minus the bond 
angle; and ¢; is the angle of rotation, the ¢rans con- 
formation corresponding to ¢;=0. 

Although the treatment can easily be generalized to 
include unequal bond lengths, the bond length is here 
supposed to be equal for each bond. The vector repre- 
senting the end-to-end distance is then given by 


fo= (E+Ti+TiT:+TiT:Ts+::> 


0 
+T,T;- + +T,_1) 0 ) 
l 


(2) 


where m is the number of bonds in the chain. E is the 
unit matrix of order 3. The square of the end-to-end 
distance 7? is given by fo7r, where fo" indicates the 
transpose of fp. This symbolism will be used throughout. 
Hence 


re? =P(001) (E+T,7+T.7T:7+- ssh +Ti17- . -T,") 
0 


X (E+7T:+TiT2+-+++Ti-+>Tr1) | 0}. 
1 


(3) 


In the evaluation of this product it is to be noted 
that all matrices are orthogonal and therefore T= 
T,7. Furthermore, since only the elements of the third 
row and third column of the matrix products con- 
tribute to the resultant of the operations indicated in 
Eq. (3), all terms T;7T27T,7, etc. may be replaced 
by their transposes T:T;Ts, etc. We shall be interested 
in the mean square end-to-end distance. Hence, it will 
be necessary to take averages of all matrix products. 
In the averaging of a matrix product each of its ele- 
ments is to be averaged over the rotational angles ¢, 
the appropriate statistical weights being applied. In- 
corporation of these considerations permits the average 
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to be expressed as 
(ro?) = nF (001) [E+-2( (Se )+ Sr) 


0 
+ G541542)++**)] E ; 


(4) 


if is large, 
where 


(3,) = (m—1)—( (Ti) +(T2)+ (Ts)+++++ {Tr-)), 
(5,5,4.1) = (m—2)—1( (Ti T2)+ (T2T3)++ ++ (Tn-2Tn-1)), 


etc. Equation (4) is expressed as an infinite series. 
This is permissible if the series converges, which is 
true in all cases of interest. This equation is completely 
general in that it is valid for all chains subject to inter- 
actions of any sort whatever. 

In the simple case, where the rotations are inde- 
pendent of each other 


(TT i41)= (Ts) (Tis), 
(TT su: T ie) = (Ts) (Tina) (Tie), ete. 


However, in general, depending on the chemical com- 
position of the chain, not all bonds i, i+1, etc. are 
equivalent. If the repeating unit along the chain com- 
prises 7 consecutive segments, then (T;)=(T;,,;) for 
all i. If, for example, the repeating unit consists of one 
bond in the chain (T;)=(T) for all i and Eq. (4) 
reduces to 
0 


(ro?) =nP(001)[(E+ (T)) (E—(T))“] 4b (5) 


Even when the rotations corresponding to T,, 
Tiss, ***, Tixx are dependent on each other, but the 
rotation corresponding to T;,241 is independent of the 
former rotations, the same method can still be applied 
by grouping together the matrices which are inter- 
dependent, as has been shown by others.*® 

Recently Lifson* extended these methods to include 
interactions between every pair of consecutive rotations. 
This situation is more general in that a correlation 
exists between the probabilities of occurrence for the 
rotational states of any two chain bonds in the chain. 
The process of grouping matrices together cannot then 
be applied, and more elaborate methods are needed. 
Following Lifson,® for simplicity a chain of the type 
(CRe); is assumed, although as will be shown subse- 
quently, the method can easily be extended to other 
cases. Consider that the rotational angle ¢ around each 
bond may assume m distinct values: 6, @®, «++, g™, 
Although all chain bonds are equivalent, it is con- 
venient to number them with the indices », v+1, etc. 
The partition function is given by 


‘Z= D> exp[—e(di, de, ++ *, Gn) /kT), (6) 


where ¢ is the potential energy expressed as a function 
of all rotational angles, k and 7 are, respectively, the 
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Boltzmann constant and the absolute temperature. 
The summation extends over all m values of each of the 
variables ¢), de, ***, dn. Lifson® observed that the model 
assumed here is a one-dimensional Ising model’ for 
nearest neighbor interactions and gave an elegant 
method for calculating ( f(@) ), the average of a func- 
tion of any rotational angle. The result obtained by 
him is given by 


(f($) )=E*FE, (7) 


where &* and & are, respectively, the eigenrow and 
eigenvector belonging to the largest eigenvalue A of the 
matrix 


uij=expl— fe(dri) +e($,, dri) }/RT]. 
F is a diagonal matrix of order m, defined as follows: 


f(o) 0 oes 0 
0 fle) 








Here &* and & are considered to be mutually normalized, 
so that —*—=1. 
Furthermore, the average of the product of two or 


more consecutive functions f(¢,), g(¢41), 4(42), etc. 
is given by® 


( (b>) g(Gr41) =A 7E*FuGE, 
(f(r) g(d>41) h(do42) =X °E*FuGuHE, etc. (8) 


The following treatment deviates slightly from that of 
Lifson,® but leads to an equivalent result. 

Define for convenience a matrix C according to the 
following equation 


C=u/n. 


In order to calculate the probability a;(v) that the 
rotational angle around bond » is ¢,, Eq. (7) is ap- 
plied, where all diagonal elements of F are taken to be 
zero except the jth one which is taken to be unity. 
Probabilities for consecutive rotational angles are ob- 
tained in an analogous fashion. The result is as follows: 


a;(v) =&;*E;, — ajx(v, v-+1) =E;* aks, 
Aju(v, vA, v2) =E;*Cjuceiki, (9) 


7G. F. Newell and E. W. Montroll, Revs. Modern Phys. 25, 
353 (1953). 


etc. 
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In order to calculate the averages of products of 
matrices, these probabilities have to be multiplied by 
the corresponding matrices followed by summation 
over all 7, k, and /. For example, 


(T,Tyy:T 42) = >.>, > 8s *Cjxcui TTT, 
ie Oe. 


(10) 


where T‘), T®, and T® are the matrices representing 
the rotations corresponding to ¢, ¢™, and @. Other 
averages can be obtained similarly. These equations can 
be written in matrix language, if first the following 
matrices are defined: 


X*=[°E, ++-Eq*E] 








Unmet 


The matrix D is a symbolical “diagonal” matrix, the 
“elements” being the m transformation matrices, cor- 
responding to the m possible angles of rotation. 0 de- 
notes the zero matrix of order 3. Let, furthermore, 
the following matrices be defined: 


S=r\"WD and V=X*D. 


According to the rules of matrix multiplication, we have 
then 


(T,) a= VX, (T,T,41 ) _ VSX, 
(T,Ty41T 42) = VS*X, etc. (11) 


The equation for (7?) can now be obtained by sub- 
stitution of Eq. (11) into Eq. (4). We have then 


0 


(ro?) =nP(001) [E+2V(Esm—S)“X]}0}, (12) 
1 


where E3m is a unit matrix of order 3m, to be distin- 
guished from the unit matrix E of order 3. 

Equation (12) is somewhat different from the result 
of Lifson,® but appears to be equivalent. 

Although only interactions between two consecutive 
rotations are assumed here, the method may readily be 
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extended to cases where interactions occur between 
any finite number of consecutive rotations. The pro- 
cedure is analogous to that of Zimm and Bragg® in 
treating polypeptides. 

If the repeating unit along the chain contains more 
than one bond, the treatment has to be modified. As an 
example, the method is now extended to chains of the 
type (CR.—CH,); and isotactic chains of the type 
(CHR—CH,) ;. In both chains the repeating unit com- 
prises two chain bonds. Syndiotactic chains may be 
treated in a similar way, if it is borne in mind that the 
repeating unit comprises four chain bonds in that 
case. However, attention is focused here on the former 


The partition function is again given by Z as defined 
by Eq. (6). On proceeding along the chain, consecutive 
bonds are not equivalent in this case, but all even 
numbered bonds are equivalent as well as all uneven 
ones. Let vy and »+1 denote, respectively, an even and 
an uneven numbered bond. Two matrices u’ and u”’ 
corresponding to bonds » and v+1 are now defined as 
follows: 


mai’ =expl— {e(o)?) +e(br1, bo) }/kT J, 


and 
wai’ =expl — {e(Gry1) +e(G, doy) } /RT J. 


As will become apparent in the following, it is useful to 
distinguish the functions of the angles of rotation 
around bonds » and »+1. Let them be given by f ’(¢,) 
and f’’(¢41), respectively. It is, furthermore, con- 
venient to introduce the following diagonal matrices: 


f' (¢-) 
F’= 
f'(o™) 
four) 


I" (oa) 


The eigenvalues and eigenvectors of the matrix product 
u’u” play a role analogous to that before. Let the 
largest eigenvalue of this product be \ and let the 
mutually normalized eigenrow and eigenvector again 
be denoted by &* and &, respectively. We have then for 
the averages of products of the functions f(¢), begin- 
ning with bond », 


(f= eta P Urey, (filfens"”)=Etu' Pru" F'E, 
(fo forr foe’ = E*’F'u"F"'u'F'u"e/e, etc. = (13) 


¢ B. H. Zimm and J. K. Bragg, J. Chem. Phys. 28, 1246 (1958). 
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For bonds beginning with bond »+1 we have 
(4.." ) pa g*F’E, (fora! a 4 ) ee g*F"u' Fu’ E/d, 
(fora fora frye” = EF" u'Fu"PF"E/A, etc. (14) 


The averages of the corresponding transformation 
matrices can be obtained straightforwardly, if, in 
analogy to the previous case, the following matrices 
are first defined: 


X*=[¢,*E---£,,*E], 





Here W’ and W” are square matrices of order 3m. 
D’ and D” are symbolical “diagonal” matrices the 
“elements” being the transformation matrices corre- 
sponding, respectively, to the angles of rotation 
oy, by, ++, dy™ and dui™, oui, ***dui™. In 
order to simplify the notation, the following matrices 
are defined: 


R=\"WDW"D” and Z=)\"WDW”". 
It is then easy to show that 
(T,)=X*ZX, (7, T41)=X*RX, 
(T,T41T42)=X*RZX, etc. 
(Tyyi)=X*D'X, (TT 41T,42) =X*D”ZX, 
(T1417 42T43)=X*D"RX, etc. (15a) 


(15) 
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Finally, on substituting Eqs. (15) and (15a) into Eq. 
(4) we have 


(ro) =nP (001) [E+ X*ZX+X*(D"+R) 


0 


X (Esm—R)*(Esm +Z) XJ “ (16) 


As an, example, the method is applied below to the 
polyisobutylene chain. 


CHAIN DIMENSIONS OF POLYISOBUTYLENE 


From x-ray diffraction studies Liquori® has shown 
that the polyisobutylene chain crystallizes in a helical 
form with 16 chain bonds per 5 turns of the helix. 
Assuming that the length of each C—C bond is 1.54 A, 
that bond angles for all main chain bonds are identical, 
and that the angles of rotation about these bonds are 
likewise identical, the bond angle (180—@) ° is found to 
be 114° and the absolute value of the angle of rotation 
@=82°. Although the crystal may be constructed 
from both right- and left-handed helices corresponding 
to ¢6? =+82° and ¢® =—82°, a given chain must of 
course conform to one sense or the other throughout 
the crystal lattice. No such restrictions apply, how- 
ever, in the amorphous state and both angles of rota- 
tion may readily occur in different portions of the same 
chain. Upon examination of models, it is found that 
large steric hindrances between CH; groups on alter- 
nate C atoms in the structure —C(CH;)s—CH,— 
C(CHs;)2— disallow angles of rotation of different 
sign for the bonds connecting the CH, group with the 
two neighboring C(CH;)2 groups. However, the sign 
of the pair of rotational angles of these bonds and that 
of neighboring pairs may be different. In general a 
multiplicity of potential energy minima may exist. 
In the case of polyisobutylene, however, the severity of 
the steric hindrances is such as to virtually preclude 
rotational angles other than those close to +82° 
or —82°. Recent nuclear magnetic resonance measure- 
ments on polyisobutylene by Powles” are consistent 
with the concept that the interlocking of methyl groups 
in the crystalline and amorphous state is very similar. 
Therefore, for each pair only two combinations of 
angles have to be taken into account: (+¢, +@) and 
(—¢, —@). By assuming moreover that these combina- 
tions occur at random, independent of neighboring 
pairs, Ptitsyn and Sharonov‘ calculated values for 
(ro?) only slightly smaller than the values deduced 
from diluce solution measurements. In this procedure, 
however, no account is taken of possible energy differ- 
ences between different conformations. Therefore, ac- 

® A. M. Liquori, Acta Cryst. 8, 345 (1955). 

10 J. G. Powles, Proc. Phys. Soc. (London) B69, 281 (1956). 
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cording to this treatment, the chain dimensions are 
independent of temperature. 

Recent measurements" of the stress-temperature 
relationship for crosslinked polyisobutylene samples 
indicate that (7?) decreases slightly with increase in 
temperature. A correlation evidently exists between 
successive pairs; either perpetuation of rotation in the 
same sense, or its reversal, must be favored. The effect 
of this correlation is considered in the following: 

According to the assumptions made, only two 
matrices have to be taken into account: the matrices 
A and B obtained by substituting +¢ and —4, re- 
spectively, for ¢ in Eq. (1), 


—cos@ —asingd B sing 


sind —acosd Bcosd], (17) 


0 B a 


—cos@ asind —f sing 


B=|-—-—sind —acosp Bcosd (18) 


0 B a 


If the rotation sense of a pair were completely inde- 
pendent of that of its predecessor, then according to 
Eq. (4), after suitably arranging terms and summing, 


0 


(r@?) =nP (001) (E+P) (E—Q)(E+P) : (19) 


P=(A+B)/2 and Q=(A?+B?*)/2. 


This is the result obtained by Ptitsyn and Sharonov.‘ 
Consider next that a correlation exists between the 
consecutive pairs. The matrices u’ and wu” are then 
given by 


1 0 
and u”’= q 
0 1 


1 6 
u/= 
6 1 


where 6=exp(—AF/kT). Here AF is the free energy 
difference between the sequences (+¢, +¢, —¢, —¢) 
and (+¢, +4, +4, +). The largest eigenvalue of 
the matrix product u’u” is given by \=1+46. The 
corresponding eigenrow and eigenvector in a mutually 
normalized form are given by 


1 
g*=[} 3] and | 
1 


"To be published. In this connection see Flory, Hoeve, and 
Ciferri, J. Polymer Sci. 34, 337 (1959). 
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The other matrices required for Eq. (16) are given as 
follows: 


A 0 A 6B 
’ Z=(1+8) ’ 
sA B 


D’=D’ = 
0 B 


A? 6B? 


R=(1+8)— : 
SA? B 

E 
X*=[}E }E], and X= 


On substitution in Eq. (16) we have 
(ro) =nP(001)[E+3(A+B)+3(A?+A B’+B) 


0 
X (Esm—R)~"(Eam+Z) X] : . 


(20) 


If no correlation existed, i.e., if AF=0, then 6 would 
equal one, and the probabilities for the pair (+, +¢) 
to be followed by the pairs (+¢, +¢) and (—¢, —¢) 
would be equal. In general these probabilities are 
equal, respectively, to c and (1—c) where c=(1+6)—. 
Since the interaction between methyl groups on 
alternate C atoms is large and the correlation between 
the pairs appears to be weak, we may reasonably 
assume that the correlation is caused by a difference 
predominantly in energy Ae between the aforementioned 
sequences. We have, therefore, 


c=[1+exp(—Ae/kT) }. 


(21) 
According to recent stress-temperature studies" on 
polyisobutylene the value of d(In(r*)/)d(InT) is ap- 
proximately —0.06 at 47°C. Since the correlation is 
small, it is profitable to expand (r,?) in a Taylor series 
as follows: 


(10) = (10? omy + (c— 3) ( (10?) /de) yes. (22) 


If ¢ is close to 0.5, the higher terms in Eq. (22) can be 
neglected. On differentiating Eq. (20) and substituting 
the parameters obtained from the x-ray data, we find 
that 


(1/mP?) (d (70?) /de) omy = 25.1. (23) 


Furthermore, the value for (72). is needed. It can be 
obtained from Eq. (19) and is given by 


(16) cm = 6.280. (24) 
With the aid of Eqs. (21)-(24) and the value 
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Fic. 1. Comparison between the calculated and measured 
values of Ge) iv’ Circles denote the experimentally deter- 
mined points. The line represents the calculated values. 


d(In(r?)) /d(InT) =—0.06 it follows that at 47°C. 
c=0.516 and (r?)/(ro;?)=3.31, where (ro,*) is the 
value for the mean square end-to-end distance assum- 
ing tetrahedral bond angles and free rotation. In fact 
(ro;?) = 2nP. The value of c corresponds to an energy 
difference Ae=40 cal/mole. For comparison the value 
found by Ptitsyn and Sharonov‘ without taking into 
account the correlation was (r¢?)/ (ro;?) =3.14. 

In Fig. 1 the experimental data of Fox and Flory” 
obtained in several dilute solutions at the corresponding 
@ points are compared with the calculated values 
represented by the straight line. Considering all experi- 
mental errors involved, it is seen that the agreement 
between calculated and measured values of (x?) is 
satisfactory. Moreover, it is possible that some scatter- 
ing of the experimental values, determined in different 
solvents, is due to influences of the solvent on the chain 
dimensions at the 6 point. 

The foregoing interpretation affords a remarkably 
complete account of the conformations of the polyiso- 
butylene chain as they exist in dilute solutions and in 
the amorphous undiluted state as well. This description 
is more detailed than that available for any other 
polymer. 
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The refractive index of pure liquid benzene has been measured in the 2-to 21-u region to an accuracy of 
about +0.003 using an interferometric technique developed by Kagarise and Mayfield. A general relation 
is derived between the refractive index and integrated absorption coefficients of a pure liquid. The relation 
is used to determine the absolute intensities of the fundamental vibrations of pure liquid benzene from the 
dispersion data. A comparison is made with the same intensities determined in the direct absorption meas- 
urements of Hisatsune and Jayadevappa. The dispersion values appear to be higher than the absorption 
results, the difference being about 40% for the 14.8 «4 fundamental where the most accurate comparison is 
possible. A comparison between pure liquid and gas intensities is also made. 

A brief discussion is given of the advantages and limitations of the dispersion method in determining 


integrated intensities in liquids. 





INTRODUCTION 


ERY few absolute infrared intensity measurements 
have been made on pure liquids. This is due mainly 
to the difficulties involved in obtaining accurate path 
lengths for the very thin samples which must be used 
in absorption measurements. A quite thin sample is 
necessary even for a moderately intense band, and for 
strong bands, the cell length problem becomes very 
formidable indeed. On the other hand, Kagarise and 
Mayfield' have recently developed a simple method of 
making moderately accurate refractive index measure- 
ments on liquids in the 2- to 22-y region. It is possible 
to calculate absolute absorption intensities for pure 
liquids from such dispersion measurements. Further- 
more, the greater the intensity of the band, the more 
accurately its intensity can be calculated from the dis- 
persion data. Consequently, dispersion and absorption 
measurements should complement each other since 
weak band intensities can presumably be measured 
accurately in absorption, and strong band intensities 
can be calculated accurately from dispersion data. 
This paper presents the results of infrared dispersion 
measurements on pure liquid benzene between 2 and 
21 uw. The data are of relatively low accuracy (0.003), 
and hence the calculated intensities have substantial 
uncertainties associated with them. Only the 14.8-u 
band intensity is thought to be accurate to better than 
+10%. An interesting comparison is possible with the 
direct absorption intensity measurements on liquid 
benzene reported by Hisatsune and Jayadevappa.?* 
It is also possible to test the Polo-Wilson equation‘ 


* Presented, in part, at the Symposium on Molecular Struc- 
ture and Spectroscopy, The Ohio State University, Columbus, 
Ohio, June, 1959. 

IR. E. Kagarise and J. W. Mayfield, J. Opt. Soc. Am. 48, 430 
(1958); Naval Research Laboratory Report 5088 (1958). 

21. C. Hisatsune and E. S. Jayadevappa, J. Chem. Phys. 30, 
848 (1959). 

’ Paper presented at the symposium on Molecular Structure 
and Spectroscopy, The Ohio State University, Columbus, Ohio, 
June, 1959; J. Chem. Phys. (to be published). 

‘S. R. Polo and M. K. Wilson, J. Chem. Phys. 23, 2376 (1955). 


since the absolute intensities of the benzene fundamen- 
tals have been measured in the gas phase. 


THEORY 


A very general relation between the integrated ab- 
sorption coefficients and the index of refraction may be 
established in the following way. A complex dielectric 
constant is defined by the equation, 


(1) 


It can easily be shown® that 4 =n?(1—k’), e=2n°k, 
and a=4rknv/c, where n is the index of refraction, k 
is the absorption index, and a is the absorption coeffi- 
cient defined by Lambert’s law (J =Joe~). The inte- 
grated absorption coefficient measured experimentally 
in a direct absorption measurement is given by 


e=€)—1e. 


A;= a(v) dy, 


band 


(2) 


where the integration is carried out over the ith absorp- 
tion band. We now make use of the well-known relation’ 


aly) a= (A/a) [Colw)udu/(w—¥)] (3) 


where e¢,, is the dielectric constant extrapolated from 
the visible (=m,?). Let us confine our attention to a 
frequency (v) in a region where there is no appreciable 
absorption (k=0). If we make use of the relations given 
previously, Eq. (3) becomes 


n*(v) — n= (c/2?) [Cow a(u)du/ (2) (4) 


We note that the quantity a is appreciable only in the 


5H. oe TE and D. H. Whiffen, Proc. Roy. Soc. (London) 
— 245 (1956). 
F. Béttcher, Theory of Electric Polarisation (Elsevier 
Publsing Company, Amsterdam, Netherlands, 1952), Chap. 
III. 
7H. Frohlich, Theory of Dielectrics (Oxford University Press, 
New York, 1949), Chap. I. 
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immediate vicinity of the various absorption bands, and 
consequently, we may rewrite Eq. (4) as follows: 


me) —mi=(c/x*) DJ Cnasdu/(u'—v), (8) 


where the summation extends over all absorption bands 
below the visible, and f ; denotes an integration over the 
ith absorption band [(%) and a() have been abbrevi- 
ated simply as m and a]. We observe that the factor 
(u?—y*)—! may be taken outside the integral and set 
equal to (v?—v*)—. This follows because vy has been 
chosen far from the resonance frequency (»;) and hence 
the remainder of the integrand is virtually a constant in 
the neighborhood of the singularity «=v. The singu- 
larity, therefore, makes essentially no contribution to 
the integral whose entire value then comes from the 
region “=v; where the function (“?—v*)— varies only 
slowly. Equation (5) thus becomes 


Wr) —mP=(c/x!) v2) f nau. (6) 
i é 
If we define a mean refractive index vi; by the equation 


t= fnasdu / { asdu, 


we finally obtain the result 
n*(v) — ne? = (c/n?) LWA i/(v?—v*)]. 


(7) 


(8) 


This equation expresses the desired relation between 
the integrated absorption coefficients (A;) and the 
index of refraction. The derivation has involved no 
assumptions whatever about the nature of the molecu- 
lar interactions in the liquid. In the case of a gas, 
n;~1, and Eq. (8) reduces to the familiar Kramers 
dispersion formula. For a liquid, 7; differs appreciably 
from 1, and Eq. (8) must be used. This was not done 
in a recent paper on the intensity of the antisymmetric 
stretching fundamental of liquid CS:.* That result has 
now been corrected.*:° 
To get a clearer picture of the significance of 7i;, we 
shall assume the following familiar functional form 
for e°: 
e— ny? = (¢/x*) LL si/ (of—r+iyo)]. (9) 
The summation extends over all absorption bands below 
the visible. +; is a damping constant characteristic of 
the transition, and it is generally small compared to 
v;. ‘y; will then be approximately the band width at half 
maximum intensity." (We note that the real part of 
Eq. (9) reduces to Eq. (8) at frequencies far from 


§P. N. Schatz, J. Chem. Phys. 29, 959 (1958). 


*E. E. Ferguson and R. E. Kagarise, J. Chem. Phys. 31, 236 
(1959). 


10 P, N. Schatz, J. Chem. Phys. 31, 1146 (L) (1959). 


1 See, for example, Kauzmann, Quantum Chemistry (Academic 
Press, Inc., New York, 1957), p. 567. 
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resonance.) The quantities A i; are obtained directly 
from the dispersion data by fitting Eq. (8) out on the 
wings of the bands. If one, in addition, chooses a value 
for y:, the quantity 7%; may be explicitly evaluated as 
follows. From Eq. (7) and the previous relations, we 
find 


=f alv)ndr [ [La)/npdr (10) 
Assuming that the ith band is not appreciably over- 
lapped by other bands, it is clear from Eq. (9) that a 
and ¢ (and therefore also m) may be calculated at all 
frequencies through the ith absorption band. Conse- 
quently, the integrals in Eq. (10) can be calculated 
numerically and the value of 7; obtained. Actually, 
the numerator of Eq. (10), to a good approximation, is 
(c/2m) A w;, but, the denominator must be numerically 
integrated. In practice it seems best to calculate both 
integrals numerically since only a small amount of extra 
work is required to evaluate the numerator. A numeri- 
cal check is then provided by the relation, 


f exdy = (c/2m) Adis. 
é 


In the case of the 14.8-u band of benzene, i; was evalu- 
ated by the procedure just described in a few hours 
using a desk calculator. It will be suggested in the 
following that, to a good approximation, 7i;=n, 
irrespective of the intensity of the ith band. m,’ is the 
index of refraction at the ith resonance frequency (v;) 
due to all absorptions except the ith one. 


EXPERIMENTAL 


The dispersion data were obtained using an inter- 
ferometric technique which has been described in detail 
by Kagarise and Mayfield.' Briefly, one uses an inter- 
ferometer constructed from a conventional infrared 
liquid cell through the use of polished germanium plates 
as windows. From the spacings of the interference 
fringes obtained with the empty cell, one can compute 
the cell thickness. The changes in spacings resulting 
when the cell is filled with liquid can then be related 
directly to the refractive index. The procedure is 
straightforward, but care most be exercised in indexing 
the fringes in the vicinity of absorption bands. By 
making runs using several different cell thicknesses, it 
is usually possible to arrive at unique indexings of all 
fringes. 

Mallinckrodt analytical reagent grade (thiophene 
free) benzene was used in this work without further 
purification. The infrared spectrum gave no indication 
of the presence of impurities. The experimental results 
corrected to 20°C are shown in Table I. The tempera- 
ture coefficient used was —0.00064 deg—!.!23 A Perkin- 


12 International Critical Tables 7, 15. 


13R. Mecke, Jr., and K. Rosswog, Z. Elektrochem. 60, 47 
(1956). 
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TABLE I. Refractive indices of liquid benzene at 20°C. 
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* Calculated points—see text. 


Elmer Model 21 infrared spectrophotometer employing 
CaF:, NaCl, and CsBr prisms was used. The refractive 
indices are generally believed to be accurate to about 
+0.003. The accuracy in the 16- to 21-u region is 
probably a little lower. The points given between 14.0 
and 16.0 u were calculated as explained in the following. 

It was possible to check the results in the 2- to 5.8-u 
region with the considerably more accurate data re- 
ported by Jaffe and Oppenheim." The agreement was 
within +0.002 at all points reported by them. 


RESULTS AND DISCUSSION 


To obtain the quantities 7;A ; for the various infrared 
bands from the data in Table I, it is necessary to know 


“J. H. Jaffe and U. Oppenheim, J. Opt. Soc. Am. 47, 782 
(1957). 
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the electronic contribution to the refractive index (n,”). 
In this work, the following expression was used: 


ng? =2.178+[0.02409/(A2—0.01714) ], (11) 


where J is expressed in microns. This equation was taken 
from the International Critical Tables® with slight 
modification. Since the contribution to n? from the 
infrared bands is relatively small, it is essential that 
n,* be known accurately. The expression given here fits 
the experimental points for the visible region listed in 
the International Critical Tables. In addition, it is in 
excellent agreement with the points listed by Jaffe 
and Oppenheim" between 1.36 and 1.96 » (where the 
infrared bands still make an almost negligible and easily 
estimated contribution). Equation (8) may now be 
fit, and the resulting values of 7;A ; are listed in Table 
II. 

In order to compute the A,’s, it is now necessary to 
know the values of the corresponding 7i;. We note from 
Eq. (9) that the ith band makes zero contribution to 
«| =n?(1—k) ] at the resonance frequency (v;). It 
therefore follows that for a relatively weak band 
(k<1), the refractive index at v; is just n,’, where n,’ 
is the refractive index at v; due to all absorptions except 
the ith one. Furthermore, the refractive index is anti- 
symmetric about the point »;, being lower than n,’ 
on the high-frequency side and higher than n,’ on the 
low-frequency side. Since ey is symmetric about »;, it 
seems reasonable to assume that i,;=n,’ for weak 
absorptions. (Clearly, this is rigorously true in the limit 
of zero intensity.) For intense absorption bands, the 
situation is not as simple; & may be quite appreciable 
compared to one, and the refractive index varies dras- 
tically through the band. It is by no means true that 
n=n, at v;. For example, in the case of the 14.8-p 
band of benzene, ,;’=1.482 whereas n(v;) =1.755. 
Therefore, %; was calculated for this band by a numeri- 
cal evaluation of the integrals in Eq. (10) as described 
previously; y; was chosen to be 10.8 cm™, the band- 
width at half maximum intensity corrected for finite 
slit width." The result of the calculation was 7;= 1.488, 
whereas m;’ = 1.482. Thus even for this intense band, the 
assumption that 7;=n,' is an excellent one. To check 
the sensitivity of the calculation to the various param- 
eters involved, i; was computed again, first doubling 
i, and then doubling both y; and A #i;. In each case, 
the value of %; was within 1% of n,’. It therefore seems 
quite possible that the assumption, 7;=n,’, will be a 
good approximation for any infrared band. The values 
of m obtained (for y=10.8 cm~') in the calculations 
are listed in Table I for the 14- to 16-u region. 

It has been observed that the 14.8-4 band has an 
appreciable asymmetry, the half-width computed from 
the high-frequency side being about 2.7 cm™ greater 
than that computed from the low-frequency side.” 


%E. S. Jayadevappa, doctoral dissertation, Department of 
Chemistry, Kansas State University (1959). 
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TABLE II. Dispersion and absorption intensities for liquid benzene. 





Band 


A; (dispersion) 
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A; (absorption) 
(10° darks*) 


(10° darks*) 
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14.8(A2.) 


12.44 
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* cm~/millimoles per cm!*. 

> Hisatsune and Jayadevappa, see references 2 and 3. 
© Includes bands at 1394 and 1530 cm=. 

4 Wing correction not included. 

© Wing correction included. 

f Ramsay’s method 1, see references 2 and 3. 


Since the function ev/n (which is directly proportional 
to a) had already been evaluated in calculating 7;, it 
was a simple matter to determine whether this function 
predicts an asymmetry. The calculation indeed showed 
an asymmetry in the correct direction, the difference 
in half-widths being about 1.4 cm as compared to the 
2.7 cm7 found experimentally. This asymmetry results 
from the way in which the refractive index varies 
through the band (see Table I).f This sort of effect 
should be expected generally for intense, narrow bands. 

The final integrated absorption coefficients are listed 
in Table II along with the estimated errors. The 7; 
were computed from the relation, i;=m,’, except for 
the 14.8-u band where the calculated value was used. 
The errors in the A,’s are estimated by determining 
how much variation of each value is necessary to cause 
a clear discrepancy between the observed and cal- 
culated dispersion curves. We see that more accurate 
dispersion data are necessary if reasonably accurate 
intensities are to be obtained for any but the 14.8-u 
band. 

It should be noted that the accuracy with which a 
given intensity can be determined from dispersion 
data depends not only on the magnitude of the intensity 
but also on the frequency at which the band occurs. 
This may be seen very simply as follows. Suppose we 
wish to compute the contribution of the ith band to 
[n*(v)—n*,] at a frequency X sec! away from . 
According to Eq. (8), this contribution will be 
(c/x*) (%;A+/v?—v*), where now (v;—v)=+X. The 
contribution is therefore, (c/x*)[7i:A ;/+X (2»;FX) ]. 
It is clear that at a given frequency interval from a band, 
the contribution of the band gets larger as »; gets smal- 
ler. It follows, therefore, that a given band intensity 

t Note added in proof.—Professor A. D. Buckingham has pointed 
out to the author that if this explanation is correct, one should 
expect this band to become symmetrical if the benzene is diluted 
with an inert solvent since » will then be effectively constant. An 


examination of the data in reference 15 for several solvents very 
clearly reveals this expected behavior. 


can be determined with increasing accuracy as the wave- 
length at which the band occurs increases. 

Hisatsune and Jayadevappa?* have made direct 
absorption measurements of the intensities of the 
benzene fundamentals in the pure liquid using cells of 
known thickness. Their results are presented in the 
last column of Table II. A reasonably accurate compari- 
son of the absorption and dispersion methods is possible - 
only for the 14.8-y band where it is seen that the dis- 
persion intensity is about 40% higher than the absorp- 
tion intensity. This discrepancy is rather disappointing 
since it is outside the estimated errors. In view of the 
difficulties involved in the direct absorption measure- 
ments, it would seem reasonable to expect that the 
dispersion result might be closer to the true intensity. 
A comparison of the two methods for the 6.76- and 
9.65-u bands shows agreement within the wide limits 
of uncertainty in the dispersion intensities, although 
more accurate dispersion data are needed to permit a 
good comparison. For the 3.29-u band, the difference in 
results lies somewhat outside the limits of error. How- 
ever, it is possible that this discrepancy would be 
removed if a wing correction were applied to the ab- 
sorption measurement. Again, more accurate dis- 
persion data are necessary. We note that the dispersion 
results always seem to be higher than the absorption 
measurements. 

It is interesting to extrapolate the square of the re- 
fractive index to infinite wavelength since it should then 
approach the static dielectric constant. The contribu- 


t Note added in proof.—In the course of the calculation of 7;, 
both ” and & were calculated throughout the 14.8-u band. It was 
therefore possible to immediately calculate the expected reflec- 
tion spectrum of the band. When a comparison is made with 
experiment, excellent agreement is obtained using the dispersion 
intensity, but the agreement is poor if the absorption intensity is 
used. This would seem to provide strong support for the intensity 
obtained from the dispersion measurements. The details of this 
reflection work on benzene as well as similar work on several other 
liquids will be presented jointly with Professor David A. Dows 
in a future publication. 
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TABLE III. Tests of the Polo-Wilson equation for pure benzene. 








A, (10° darks*) 


A, (10° darks*) 


Ai/Ag (exptl) Ai/Ayg (theoret.) 





4.44b.¢ 

1.91b.< 

1.17>.4 
14. 1° 








® cm~!/millimoles per cm?. 

> Histasune and Jayadevappa, see references 2 and 3. 
© Wing correction not included. 

4 Wing correction included. 

© This paper. 

f Spedding and Whiffen, see reference 5. 


tion from the visible is clearly 2.178 [Eq. (11) ]. From 
Eq. (8) it follows that the contribution of each infrared 
band is (%;A A2/cr?). The sum of the contributions 
of all the infrared bands listed in Table IT is 0.0620 
so that m,,2=2.240. On the other hand, ¢,,=2.283." 
There is thus a discrepancy of 0.043 between ,,? and 
€x: This indicates that there should be appreciable ab- 
sorption between 14.8 uw and the radio frequency region. 
It is known" that there are absorption bands beyond 
14.8 uw, but it is difficult to know whether these account 
for most of the discrepancy. We do note that the con- 
tribution of a band is directly proportional to the 
square of its wavelength, so that even relatively weak 
bands at very long wavelengths can make substantial 
contributions to m,,”. 

The absolute intensities of the benzene fundamentals 
have been measured in the gas phase.® Polo and Wilson 
have shown‘ that both the Debye and Onsager equa- 
tions predict the same relation between the intensity 
in a pure liquid (A,) and the intensity for the corre- 
sponding gas (A,), namely, 


Ai/Ag= (n?-+2)2/9n. (12) 


Table III shows a comparison between Eq. (12) and 
the experimental results for benzene. In Table ITI, 
A, for the 14.8-u band is the value calculated from the 
dispersion data, whereas the other A,’s are taken from 
Hisatsune and Jayadevappa.?* For each band, the n 
of Eq. (12) was chosen as the corresponding 7; given in 
Table II. None of the values of 7; differs greatly from 
the value of which one would obtain merely by extrap- 
olating from the visible. 

For the 6.76-, 9.65-, and 14.8-» bands, the agreement 
is probably as good as one can expect in view of the 
simple model upon which Eq. (12) is based. The 3.29-u 
band shows a striking deviation from Eq. (12). The 
comparison of gas and liquid intensities for pure ben- 
zene and the study of benzene intensities in various 
solvents have been discussed in detail elsewhere,*™ 
and no further discussion will be given here. 

In one other case where an accurate comparison is 


%G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., Princeton, New 
Jersey, 1945). 


possible between pure liquid and gas, namely the anti- 
symmetric stretching fundamental of CS, the experi- 
mental ratio (A:/A,) is 1.30, and the theoretical ratio 
is 1.42. (See reference 8 as corrected by reference 10.) 


CONCLUSIONS 


It should be possible to obtain fairly accurate absolute 
infrared intensities for a variety of pure liquids by 
following the procedures outlined in this paper. The 
interferometric procedure is quite simple for determining 
refractive indices to an accuracy of about +0.003. 
However, this relatively low accuracy means that the 
intensities of weak bands cannot be obtained. The mini- 
mum intensity required for an accurate determination 
will depend on the location of the band, the situation 
becoming steadily more favorable with increasing wave 
length. Only liquids with relatively simple spectra or 
with isolated bands can be dealt with readily since it 
is very difficult to handle regions containing several 
overlapping bands. Dispersion data cannot be obtained 
in areas of strong absorption because the minimum cell 
thickness is limited by the need for well-defined inter- 
ference fringes. Hence, intensities are obtained from 
the dispersion data on the wings of the bands. It is 
simpler to deal with nonpolar liquids because one does 
not have the added complication of strong absorption 
regions beyond the range of the measurements (22 y). 
However, the method has been applied recently to some 
simple polar molecules by Kagarise.” 

One of the obvious uses for liquid intensity data is 
the comparison they afford with the intensity of the 
same molecule in the gaseous state. Such comparisons 
yield information about intermolecular interactions 
and can be used to test various models which have been 
proposed to explain the changes in intensity accompany- 
ing condensation.*"» There are a number of molecules 
whose intensities have been studied in the vapor phase 
on which it should be feasible to make dispersion 
measurements in the liquid. We plan to carry out 
further studies on such molecules. It should also be 
possible to use the same experimental techniques to 
make dispersion measurements on solids provided one 


(1959) E. Kagarise, Naval Research Laboratory Report 5277 
959). 
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can grow a crystal between the germanium plates of 
the interferometer. 
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Infrared and Raman Spectra of Fluorinated Ethanes. XII. 
1,1,2,2-Tetrafluoroethane* 
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The infrared absorption spectra of gaseous CHF;—CHF; at five temperatures between 30° and 170°C 
and of the crystalline solid at —170°C have been obtained with a Perkin-Elmer double-pass spectrometer 
equipped with CsBr, NaCl, and LiF prisms. The Raman spectrum of the liquid at 20°, —25°, and —80°C 
has been photographed with a 3-prism glass spectrograph of reciprocal linear dispersion 15 A/mm at 4358 
A, and polarization measurements have been made. In the gaseous and liquid states the compound exists as 
a mixture of two rotational isomers of symmetries C» and C2, respectively, the former (trans) being the 
more stable. In the crystalline state only the trans configuration is present. A value of 1160+100 cal/mole 
was found for the enthalpy difference AH® in the gas. In the liquid AH7® is much smaller. With some un- 
certainties, the vibrational fundamentals have been assigned for each isomer. 





INTRODUCTION 


HE vibrational spectra of a number of halogenated 

ethanes having asymmetrical end groups have been 
studied with special reference to rotational isomerism,'* 
but complete assignments of fundamental frequencies 
have been made only for CH,CI—CH,CI* and CHC},— 
CHCl.’ In the present paper infrared and Raman 
spectral data are reported for CHF;—CHF>», the rota- 
tional isomerism exhibited by this compound in the 
gaseous and liquid states is studied, all vibrational 
fundamentals for the gauche form and all but the two 
lowest fundamentals for the trans form are assigned, 
and the spectra are interpreted in detail. 


EXPERIMENTAL RESULTS 


The sample (bp—16°C at 746 mm pressure) was pre- 
pared and purified in the laboratory of Henne at Ohio 


* This work has been supported by the U. S. Atomic Energy 
Commission under Contract At-(40-1)-1074. 
1§.-I. Mizushima, Structure of Molecules and Internal Rotation 
ae Press, Inc., New York, 1954). 
E. Kagarise and L. W. Daasch, J. Chem. Phys. 23, 113, 


19 (ios, Chem. Ph: oy 207 (1955); 24, 300, 1 
em. :. 264 
1980) 26, » 380 (1989); 29, 680 (1 
oshino and H. J. Aeon ae J. Chem. 35, 339 (1957). 
ak . Wilmshurst and H. J. Bernstein, Can. J. Chem. 35, 734 
957 


(1983), 
asa” Cleveland and Meister, J. Chem. Phys. 24, 142 


Nakagawa and S.-I. Mizushima, J. Chem. Phys. 21, 2195 


State University. The spectra indicate that the purity is 
high. The infrared absorption spectrum of the gas at 
room temperature was recorded with the aid of a Perkin- 
Elmer Model 112 spectrometer equipped with CsBr 
NaCl, and LiF prisms and 6- and 10-cm cells. To study 
the rotational isomerism, the infrared spectrum of the 
gas in an electrically heated 10-cm cell was obtained also 
at 70°, 110°, 140°, and 170°C. Moreover, the infrared 
spectrum of the crystalline solid at —170°C was re- 
corded by means of a low-temperature cell somewhat 
similar to that described by Lord ef al. The Raman 
spectrum of the liquid in a sealed Raman tube at 20°, 
— 25°, and —80°C, was photographed with an Applied 
Research Laboratories 3-prism glass spectrograph of 
reciprocal linear dispersion 15 A/mm at 4358 A. Polari- 
zation measurements were made by the method of 
Crawford and Horwitz.® The infrared spectra are shown 
in Figs. 1-6, and the wave numbers of the observed 
absorption maxima (or in some cases “‘shoulders”) are 
listed in Table I. The Raman spectral data are presented 
in Table IT. 


INTERPRETATION 


The large number of strong bands observed indicates 
that the compound exists as a mixture of rotational 
isomers. The fact that a number of strong bands present 


§ Lord, McDonald, and Miller, J. Opt. Soc. Am. 42, 149 (1952). 
siti Crawford, jr., and W. Horwitz, J. Chem. Phys. 15, 882 
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Fic. 3. Infrared absorption spectrum of gaseous CHF;—CHF; (LiF prism). 
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Fic. 5. Infrared absorption spectrum of solid CHF;—CHF; at —170°C (NaCl prism). 
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Fic. 6. Infrared absorption spectrum of solid CHF;—CHF; at —170°C (LiF prism). 
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TABLE I. Infrared spectral data for gaseous and solid CHF.—CHF:. 
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188+-1073=1261 A 
130+1147=1277 A 
b fundamental; 


[220]+1080= 1300 A, 


a,+56 fundamentals 


b,, fundamental 
598+-775 = 1373 B 

a fundamental 
598+-905 = 1503 A 
[220]+1360= 1580 B, 
478+1125= 1603 B, 


vvw 539+1192=1731 Ay 
vvw 622+1134=1756 B, 





1769 w 393+ 1389= 1782 A 

1855 1864 430+1440= 1870 A,; 
419+ 1440= 1859 A 

2109 905+ 1207 =2112 B 

2228 905+1322=2227 A.; 
1080+ 1134=2214 A, 

2254 905+ 1336= 2241 By; 
2X 1125=2250 A 


1125+1147=2272 A? 
1125+1192= 2317 By; 
2X1147=2294 A; 
905+1389= 2294 '4 
1192+-1134= 2326 A.; 
905+1440= 2345 A? 
1080+ 1322= 2402 B, 
1080+1336= 2416 Ay 
1147+1302= 2449 B 
1073+1389= 2462 B 
1125+1360= 2485 A, 
1207-+1302= 2509 A 
1134+1440=2574 A, 
1207 +1389= 2596 B; 
2X 1302= 2604 A 
1322+1360= 2682 Ay 
1336+1360= 2696 By, 
1322+1440=2762 A,; 
1302+1440=2742 B 
1336+1440=2776 By; 
2X 1389=2778 A 
1389+1440= 2829 A 
2X 1440= 2480 A 


a8 9a%4% 4 


a+b+5, fundamentals 


393+3000 = 
3393 A+B 
419 


re 
1125+3015= 

4140 A,+A+B 
1134+3015=4149 B,; 
1147+3000= 

4147 A+B 
1322+3015 = 4337 A, 
1336+3015=4351 B, 
1360+3000= 4360 B, 
1440+3000= 4440 B, 








® Solid film at —170°C. The thickness varied from record to record, but was not measured. Hence the relative intensities indicated have less significance 
than for the gas. 

b The following abbreviations have been used: s, strong; m, medium; w, weak; and v, very. 

© The species a, and 6, refer to the trans isomer, the species a and b to the gauche isomers. Wave numbers in brackets are inferred from combination bands. 

4 This band was observed only when the solid film was deposited very rapidly. It is believed to belong to an amorphous or glassy state. 


in the infrared spectrum of the gas are absent in the 35,+5b,. Vibrations of species a, and 5, are active only 
Raman spectrum, and vice versa, suggests that one of _ in the infrared; vibrations of species a, and b, are active 
the isomers has the molecular symmetry Cy or the so- only in the Raman spectrum. Raman bands of species 
called trans form. Its normal vibrations divide into a, are polarized, those of species b, are depolarized. 

symmetry species in the following manner: 6¢,+4¢,+ It is also found, however, that a number of strong 
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TABLE II. Raman spectral data for liquid CHF;—CHF;. 





Wave 


Exciting ; 
number Description* Hg lines> Interpretation® 





ca 130 a fundamental 

188 w b fundamental 

361 a, fundamental 

413 a fundamental 

478 b, fundamental 

522 b fundamental 

578 188+-393=581 B 

594 a fundamental 

622 a, fundamental 
b fundamental 
2X413=826 A; 
2Xca 420=ca 840 A, 
a+a, fundamentals 
b, fundamental 
a fundamental 
a fundamental 
b+, fundamentals 
130+1125=1255 A; 
361+901 = 1262 A, 
6 fundamental 
a+a, fundamentals 

1440 a+a, fundamentals 
3010-3025 a+a,+6 fundamentals 





® The following abbreviations have been used: s, strong; m, medium; w, weak; 
v, very; d, diffuse; sh, sharp; dp, depolarized; b, broad. The numbers in paren- 
theses are measured depolarization ratios. 

b The meanings of the Kohlrausch symbols are: ¢ 4358 A, k 4047 A, i 4078 A; 
+ indicates that the Raman band has been observed both as a Stokes and an 
anti-Stokes shift. 

© Fundamentals of species ay and bg refer to the trans isomer, those of species 
a and b to the gauche isomers. 


infrared and Raman bands coincide. This indicates 
that the other rotational isomers consist of two enan- 
thiomorphic forms of symmetry C,; obtained from the 
trans form by rotating one of the CHF, groups a certain 
angle (probably close to 120°) about the C—C bond 
in either direction. These two gauche forms will have 
identical vibrational frequencies, and their normal 
vibrations divide into 10 of species a and 8 of species 6. 
All of them are active in both spectra. Raman bands of 
species a are polarized ; those of species 5 are depolarized. 

These conclusions are strongly supported by the 
fact that, with a few exceptions which will be discussed 
in the following, none of the infrared bands observed 
in the solid has counterparts in the Raman spectrum. 
This shows that, as in the case of 1,2-dichloroethane,' 
only the trans form is present in the crystal. The solid 
formed by slow condensation of the vapor at —170°C 
appears to be almost completely crystalline. However, 
when the solid film is formed very fast an appreciable 
fraction of the material appears to be in an amorphous 
or glassy state. 

Assuming the internuclear distances C—C=1.54, 
C—F=1.37, C—H=1.093 A, and tetrahedral angles, 
one finds the following principal moments of inertia 
for the trans form: 169.4, 274.4, and 420.7 X10- g cm?. 
The axes of smallest and largest moments of inertia lie 
in the symmetry plane, the latter making an angle of 
64°57’ with the C—C bond. Infrared bands of species 
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a should, therefore, have type B contours in the 
spectrum of the gas, while bands of species 5, should 
have contours that are hybrids of types A and C. 
Extrapolations from Badger and Zumwalt’s curves” 
give a QQ separation of 7 cm™ for type B bands and 
PR separations of 15 and 18 cm™ for A and C bands, 
respectively. 

With the additional assumption that one end group is 
rotated 120° relative to the other, the principal mo- 
ments of inertia of the gauche form are found to be 
214.9, 315.4, and 338.4X10- g cm*. The axis of inter- 
mediate moment of inertia coincides with the twofold 
symmetry axis. Thus, infrared bands of species a should 
have type B contours, while those of species b should 
have contours that are hybrids between types A and C. 
The QQ separation for type B bands should be 3 cm= 
and the PR separations for bands of types A and C 
should be 16 and 19 cm=, respectively. 

On the basis of these criteria, it has been possible to 
make practically complete assignments of vibrational 
fundamentals for both trans and gauche isomers. For 
brevity, the isomer, or isomers, to which a frequency is 
ascribed will not be stated explicitly in what follows 
but will be implied by the species assignment, a,, 
ay, bg, and b, referring to the trans and a and b to the 
gauche isomer. The very strong band at 2996 cm=, and 
the prominent shoulders at 3003 and 2987 cm“, in the 
infrared spectrum of the gas must represent the 5, 
fundamental of the trans isomer and the a and b funda- 
mentals of the gauche isomer associated with C—H 
stretching. In the Raman spectrum of the liquid the a, 
fundamental of the trans isomer and the a and 6} funda- 
mentals of the gauche overlap to form what appears to 
be a single broad band with maximum near 3015 cm~. 
In the infrared spectrum of the crystalline solid a very 
strong band is found at 3040 cm which is interpreted 
as the 6, C—H stretching mode of the trans isomer. 

In the region from 900 to 1500 cm 9 fundamentals 
are expected for each isomer, their vibrations consisting 
of C—C stretching, C—F stretching, and C—H bending. 
The fact that fewer than the expected number of bands 
are found indicates that some of the observed frequen- 
cies are common to trans and gauche isomers. For this 
reason, and because some of the frequency shifts on 
going from gas to solid are quite large in this region, 
there is some uncertainty in the assignment of some of 
these fundamentals. 

The broad, polarized Raman band at 1440 cm™, 
which has no observed counterpart in the infrared 
spectrum, is interpreted as overlapping a, and a funda- 
mentals, probably involving mainly C—H _ bending. 
The strong, diffuse but polarized, Raman band at 1360 
cm ', to which there corresponds a strong infrared band 
at 1389 cm in the gas but none in the solid, is also 
interpreted as overlapping a, and a fundamentals. The 
motion is probably largely C—F stretching. The in- 


10R. M. Badger and L. R. Zumwalt, J. Chem. Phys. 6, 711 
(1938). 
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frared bands at 1336 and 1344 cm™ in gas and solid, 
respectively, are assigned as a b, fundamental. To the 
strong infrared band at 1322 cm~ in the gas there ap- 
pear to correspond a Raman band at 1321 cm™ in the 
liquid and two infrared bands at 1314 and 1310 cm™ 
in the crystalline solid. The intensity ratio of the latter 
two bands varies with the temperature at which crystal- 
lization takes place, indicating that they belong to 
different crystal forms. All of these bands are inter- 
preted as an a, and a b fundamentals. The rather low 
values of the observed depolarization ratio of the 
Raman band is assumed to be caused by;experimental 
uncertainty. The very strong infrared band at 1302 
cm in the gas is interpreted as a 6 fundamental, in 
spite of the facts that no corresponding Raman band 
was observed and that a weak infrared band was found 
in the solid at 1292 cm. The latter is believed either 
to be caused by a small amorphous or glassy component 
of the solid or to be a combination band. 

The very strong infrared band at 1207 cm“, which is 
absent in the crystal, and the medium intensity Raman 
band at 1192 cm~ are interpreted as a b fundamental, 
and the Raman band is also ascribed to an overlapping 
b, fundamental. The strong infrared band at 1147 
cm in the gas and the strong and apparently polarized 
Raman band at the same wave number are assigned as 
an @ fundamental. 

The very intense infrared band at 1134 cm™ in the 
gas is shifted to 1109 cm™ in the solid and has no corre- 
sponding Raman band. It is interpreted as a b, funda- 
mental. Although it is not well separated from the 
band just mentioned, there appears to be a strong 
infrared band near 1125 cm™ in the gas and at 1089 
cm in the crystal. A corresponding Raman band is 
chserved at 1094 cm. It is assumed that these arise 
from overlapping a, and a fundamentals. The weak 
Raman band observed at 1080 cm™ is assigned as a 
b, fundamental, and the strong infrared band at 1073 
cm is interpreted as a 6 fundamental. The strong 
band at 905 cm™ in the gas, which is not present in the 
crystal, and the strong, polarized band at 901 cm™ 
in the Raman spectrum, are interpreted as overlapping 
a and a, fundamentals. They probably involve largely 
C—C stretching. 

The infrared band at 775 cm“ in the gas is absent 
in the solid but a depolarized Raman band is found 
at 772 cm. These evidently represent a 5 fundamental. 
The strong Raman bands at 622 and 594 cm are both 
polarized. The former has no counterpart in the infrared 
spectrum, the latter corresponds to a medium intensity 
infrared band at 598 cm™ found only in the spectrum 
of the gas. These bands must be interpreted as an a, 
and an @ fundamental, respectively. The infrared band 
at 539 cm™ in the gas has definitely a POR structure 
with PR separation 15 cm™. A corresponding band is 
found at 537 cm™ in the spectrum of the solid but none 
is observed in the Raman spectrum, These bands are 
assigned as a 5, fundamental. The motions associated 
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with the four last-mentioned fundamentals can probably 
best be described as deformations of the CF:H groups. 

Overlapping the 5, fundamental at 539 cm“, a rather 
strong infrared band of uncertain contour appears 
near 522 cm™ in the spectrum of the gas, but no indica- 
tion of such a band is observed in the solid. A medium 
intensity Raman band occurs at 522 cm~. These bands 
are assigned as a b fundamental. The depolarized Raman 
band at 478 cm™, which has no counterpart in the 
infrared spectrum, is assigned as a 6, fundamental. 

In a wide region around 425 cm“ the infrared absorp- 
tion by the gas is extremely strong but very complex, 
indicating the presence of more than one fundamental. 
In the infrared spectrum of the solid there is a single 
strong band with maximum at 417 cm. However, 
when the sample was solidified very rapidly, presum- 
ably forming a mixture of crystalline aggregate and 
glass, a second, weaker band was observed at 408 cm“. 
In the Raman spectrum a medium intensity, slightly 
polarized band is found at 413 cm. The latter is 
interpreted as an a fundamental and the infrared band 
in the crystalline solid is assigned as an a, fundamen- 
tal. The wave numbers for these fundamentals in the 
gas cannot be given accurately but are assumed to be 
419 and 430 cm™, respectively. 

A strong infrared band is observed at 393 cm in 
the gas but not in the solid. Although no corresponding 
Raman band was found, it is assigned as an @ funda- 
mental, The strong, polarized Raman band at 361 
cm™ has no infrared counterpart and is therefore 
assigned as an a, fundamental. The weak Raman band 
at 188 cm" is interpreted as a b fundamental. The vibra- 
tions associated with the fundamentals mentioned hav- 
ing wave numbers 522 cm™ or lower may be roughly 
characterized as rocking motions. 

There remain the lowest @ fundamental of the gauche 
isomer and the two lowest fundamentals of the trans 
isomer. The a fundamental, involving largely twisting, 
may be represented by a weak and somewhat uncertain 
Raman band at 130 cm™. The two fundamentals of the 
trans isomer, of species 5, (rocking) and a, (twisting) 
lie outside the range of the CsBr prism and are inactive 
in the Raman spectrum. There is some evidence from 
combination bands that they lie near 220 and 130 cm“, 
respectively, but this is quite uncertain. 

The assigned fundamentals are listed in Tables III 
and IV. The validity of these assignments may be tested 
by the sum rule derived by Mizushima e¢ al." For the 
gauche isomer 2y?=33.02X10°. By taking the uncer- 
tain values mentioned above for the two lowest funda- 
mentals, one finds 32.7410 for the corresponding 
sum for the trans isomer. The difference is less than 
0.9%. The lower value found for the trans isomer may 
result from the fact that half of the fundamental 
vibrational frequencies for this isomer are obtained 
from the Raman spectrum of the liquid phase. The 


4 Mizushima, Shimanouchi, Nakagawa, and Miyake, J. Chem. 
Phys. 21, 215 (1953). 
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TABLE III. Fundamental vibrational frequencies of trans 
HF,—CHF; (in cm™).* 





Infrared 


: Raman Approximate 
(gas) (solid) (liquid) motion 





ca. 3015 vs 
1440 m,b(0.3) 
1360 s(0.3) 
901 s(0.3) 
622 vs(0.2) 
361 s(0.4) 
1314(1310) vs 
1089 s 


417 vs 
£130]> 


CH stretching 
CH bending 

CF stretching 

CC stretching 
CHF; ieeeasion 
Rocking 

CH bending 

CF stretching 
Rocking 

Twisting 

CH bending 

CF stretching 
Rocking 

CH stretching 

CF stretching 
CH bending 

CHF, deformation 
Rocking 


1322s 

1125 vs 
ca 430s 

[130] 


1192 m(dp) 
1080 w - 


478 m(dp) 

ca 3000 vs 
1336 s 

1134 vs 
539 5 
[220]> 


3040 vs 
1344 s 
1109 s 
537 s 
[220]}> 





® See footnote b, Table I, and footnote a, Table II, for the explanation of the 
abbreviations used. 
> Wave numbers in brackets are inferred from combination bands. 


empirical sum rule of Bernstein and Pullin” is also quite 
well satisfied, the sums being 2v;=19 940 for the 
gauche and 2y;=19 690 for the trans isomer. 

In terms of the assigned fundamentals, it has been 
possible to assign all the observed Raman bands and 
practically all of the infrared bands. However, because 
of the large dependence of many of the frequencies upon 
the state of aggregation, the correlation of several 
bands in the three spectra is very difficult, and their 
interpretations are therefore somewhat uncertain. 
Most, if not all, of the very weak bands that have been 
left uninterpreted can be explained as ternary combina- 
tion bands. However, in view of the large number of 
fundamentals such interpretations are in most cases 
not unique and have therefore not been included in 
Table II. 


ENTHALPY DIFFERENCE BETWEEN THE 
ROTATIONAL ISOMERS 


As the CHF;,—CHF, gas was heated from 30° to 
170°C the infrared bands assigned to the gauche isomer 
increased in intensity, while those assigned to the trans 
form became weaker, showing that the latter is the more 
stable. For the purpose of determining the enthalpy 
difference the peak extinctions of the following bands 
were measured at 30°, 70°, 110°, 140°, and 170°C: 
trans, 1134, 1322, and 539 cm~; gauche, 1207, 775, and 
598 cm; and the graphical method of Bernstein” 
was used. The following result was obtained: 


AH®=1160+100 cal/mole. 


12 H. J. Bernstein and A. D. A. Pullin, J. Chem. Phys. 21, 2188 
(1953). 
13H, J. Bernstein, J. Chem. Phys. 18, 897 (1950). 
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Because of the uncertainty in several of the funda- 
mental vibrational frequencies, especially the two lowest 
frequencies for the trans isomer, the energy difference 
AE,’ was not calculated. 

The three identical Raman exposures, at 25°, — 25°, 
and —70°C, did not reveal any appreciable intensity 
variations with temperature, indicating that AH’, 
is much smaller, probably less than 400 cal/mole, for 
the liquid state. This can be explained only in part by 
Onsager’s theory of dielectrics,* according to which a 
spherical molecule of dipole moment y and radius a 
loses the potential energy 


E, = (e—1) w?/(2e+1) a’, 


when transferred from vacuum (e€=1) to a medium of 
dielectric constant «. By using the bond moments 
Mo-1=0.4, uco-r=1.45 debyes,” one finds by simple 
vector addition the values 1.73 D for the gauche and 0 
for the trans isomer. The dielectric constant of liquid 
CHF,—CHF; is not known. However, since the formula 
is not very sensitive to changes in ¢, it is probably a 
fairly good approximation te put 10, which is the 
value given for 1,2-dichloroethane.’* When taking 
a=1.6 A, one finds 


E, (gauche) = 320 cal/mole, E, (trans) =0. 


While this is of the right order of magnitude it is con- 
siderably smaller than the observed change in AH”. 


DISCUSSION 


It is of interest to compare the results found here 
with those previously reported for CHCl—CHCI, 


TaBLe IV. Fundamental vibrational frequencies of gauche 
CHF,—CHF, (in cm™)*® 





Infrared 
(gas) 


Raman Approximate 
(liquid) 


Species motion 





3000 vs 


1389 s 

1147s 

1125s 
905s 
598 m 
419 vs 
393s 


ca 3015 vs,b CH stretching 
1440 m,b(0.3) CH bending 
1360 s(0. 3) CF stretching 
1147s(0.6) CH bending 
1094 vs(0.3) CF stretching 
901 s(0.3) CC stretching 
594s(0.2) CHF; deformation 
413 m(0.8) Rocki 
Rocking 
Twisting 
ca 3015 vs,b CH stretching 
1321 m(0.7) 2 stretching 
1192 m(dp) CH bending 
CF stretching 
772 ‘md (0.8) CHF, ication 
cae m (dp) 8 


ca 130 vw 

3000 vs 
1322s 

1302 vs 

1207 vs 
1073 s 

775 vs 

522 m 


Sooooooso RAB RARRRRARES 





® For abbreviations used, see footnote b, Table I, and footnote a, Table II. 


4. Onsager, J. Am. Chem. Soc. 58, 1486 (1936). 

% C. P. Smyth, Dielectric Behavior and Structure (McGraw-Hill 
Book Company, Inc., New York, 1955). 

16 P, Walden, Z. physik. Chem. 70, 596 (1909). 
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and CHBr.—CHBrz. In the case of both of these com- 
pounds the gauche isomer is the more stable in the 
liquid state,” the enthalpy differences being 1100 and 
910 cal/mole, respectively. CHCl,—CHCk crystallizes 
in the gauche form, while CHBrz—CHBr, crystallizes 
as trans or gauche according to the experimental condi- 
tions.” For gaseous CHCl—CHCk_AH® is very 
small.'8 No information is available about gaseous 
CHBr.—CHBr. 

It is rather difficult to understand why CHF:—CHF; 
behaves differently from the two other compounds. If, 


17R, E. Kagarise, J. Chem. Phys. 24, 300 (1956). 
18 J. R. Thomas and W. D. Gwinn, J. Am. Chem. Soc. 71, 2785 
(1949). 
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as claimed by Mizushima,” steric hindrance is the most 
important factor in determining the relative stability of 
the rotational isomers of halogenated ethanes, one would 
expect CHCl,—CHCk and CHBrz—CHBr to have a 
greater rather than a smaller probability of existing in 
the trans form than CHF,—CHF>. The stabilization of 
the trans form of this compound may be a result of 
intramolecular hydrogen bonding which should be 
nearly twice as strong in the trans as in the gauche form. 
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Detailed consideration is given to some properties of the first excited electronic state. Following the 
analysis proposed by Mulliken, SCF LCAO-MO coefficients are used to obtain qualitative information 
about the electron distribution. Comparison is made with earlier work with respect to the description of the 
excited state in terms of the interacting configurations. In addition to the excited-state dipole moment, 
the effective electric moment between the ground and excited states is also calculated. From this, the oscil- 
lator strength for the first allowed transition is computed as a function of the internuclear distance. 





I. INTRODUCTION 


N an early extensive treatment by Mulliken! of the 
low-lying electronic states of simple heteropolar 
diatomic molecules, the alkali metal hydrides were 
examined in detail because of interest in the unusual 
form of the A‘Z+ potential curves. In particular, 
attention was given to the excited ‘2+ state of LiH. 
The shape of the potential curve was accounted for, 
in the absence of good molecular wave functions, by an 
approximate perturbation treatment between the homo- 
polar Li(?S)-H state and the completely ionic LitH- 
state. A subsequent analysis by Rosenbaum? showed 
that there should be sufficient interaction between these 
two configurations around 9 au to predict unequi- 
vocally dissociation to Li(??P)+H. Both treatments 
emphasized the predominant LitH~ character of the 
excited molecular wave function at internuclear distan- 
ces somewhat greater than the equilibrium separation. 
Recent calculations have resulted in good wave func- 


* * This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

1R. S. Mulliken, Phys. Rev. 50, 1028 (1936). 

2. J. Rosenbaum, if Chem. Phys. 6, 16 (1938). 


tions for the first excited state over a range of inter- 
nuclear distances from 2 to 8 au.* In terms of the 
curvature around the minimum, the position of the 
minimum, and the dissociation energy associated with 
the potential curve, it appears very likely that the wave 
functions obtained are quite adequate for describing 
the excited state. Other than describing the characteris- 
tics of the potential curve, however, only brief mention 
has been given in these recent papers to the excited 
state. 

In the present paper the discussion is extended by 
describing the excited state with respect to the interact- 
ing configurations. Results of both the determinantal 
AO and MO calculations are examined. The first method 
is more directly related to the early papers in which just 
such interacting configurations were considered. The 
second method provides a different sort of insight into 
the nature of the excited state, by considering the 
charge distribution among the available configurations 
and the MO’s. The dipole moment of the excited state 
is also evaluated, as well as the matrix element of the 


3 A. M. Karo and A. R. Olson, J. Chem. Phys. 30, 1232 (1959) 
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TaB.e I. Enumeration of configurations ¢,. 








(a) Determinantal AO configurations. 





: (1/v2) [s(a)s (8) S(a)h(8) —s (a) s(8) S(8)h(a) J 

: (1/v2) [s(a)s (8) po(a) h(8) —s (a)s (8) po(8) h(a) J 
: S(a)s (8) h(a) h(B) 

: (a)s(8) S(a) S(8) 

: (1/v2)[s(a)s (8) S(e) po(8) —s(a)s (8) S(8) pola) J 
: $(a)s (8) pola) po(8) 





(b) Determiinantal MO configurations. 





: le (a) 10 (8) 20 (x) 20 (8) 
: (1/v2) [lo (a) le (8) 30 (a) 40 (8) — 10 (a) 1 (8) 30 (8) 40 (a) J 
: lo (a) lo (8) 30 (a) 30 (8) 
: lo (a) lo (8) 40 (x) 40 (8) 
: (1/v2) [le (a) 1o (8) 2e (a) 30 (8) — 1 (x) Lo (8) 20 (8) 3o (x) J 
: (1/v2) [1¢ (a) 1o (8) 20 (x) 40 (8) — 10 (a) 10 (8) 20 (8) 40 (ax) J 








dipole moment operator between the ground and 
excited states. 


II. ELECTRON-POPULATION ANALYSIS 


Recent descriptions of electron populations in mole- 
cules have been largely based on the scheme proposed 
by Mulliken* for SCF LCAO-MO calculations. The 
popularity of this sort of analysis is, no doubt, in large 
part due to the resulting graphic illustrations of hy- 
bridization, charge localization within the molecule, 
and electron promotion by configuration interaction 
(CI). If the usefulness of this type of description can 
be demonstrated in small molecules, its popularity can 
be expected to increase -as attention is turned to the 
rigorous calculation of larger systems and, in particular, 
to organic structures. 

The electron populations of the ground states of LiH 
and HF were analyzed in detail in a preceding paper.® 
There, caution was emphasized because the bonding 
properties of the orbitals in HF were found to be very 
sensitive to the choice of Slater or Hartree-Fock basis 
functions. At the same time, however, a more promising 
indication was also noted in that the use of the better 
basis orbitals gave results in closer agreement with 
experiment. 

The use of Hartree-Fock lithium functions in the 
present case permits somewhat more confidence in the 
population analysis. Because the lithium 2s and 2p 
orbitals can be adequately described by relatively few 
exponential functions, it is also probable that the picture 
presented will remain essentially unchanged for other 


‘R. S. Mulliken, J. Chem. Phys. 23, 1833, 1841 (1955). 
5 A. M. Karo, J. Chem. Phys. 31, 182 (1959). 


recent LiH calculations® where the basis functions are 
orthonormal sets of exponential orbitals. 

Definitions of the gross and total atomic populations 
and of the subtotal and total overlap populations have 
been given in earlier reports for single-determinant 
wave functions‘ and for multi-configuration wave 
functions.® 

The enumeration of the determinantal AO and MO 
configurations ¢, is given in Table I. These configura- 
tions represent, as usual, completely normalized 
antisymmetric products (Slater determinants) of the 
given AO’s or MO’s (AP AO’s or AP MO’s). The 1s, 
2s, and 2p AO’s on lithium and the 1s AO on hydrogen 
are represented by s, S, po, and h, respectively. Overlap 
integrals between the AO’s have been given previously.’ 

Table II lists the coefficients a, for the expansion of 
several normalized molecular wave functions V¥ in 
terms of the ¢,. It is apparent that for ¥’s composed of 
AP AO configurations ¢ is the limiting configuration 
at large values of 7, in agreement with the analysis of 
Rosenbaum. For both the ground and the excited states 
the dominant configurations are ¢), ¢2, and ¢3. A clearly 
defined analogous trend has not yet developed among 
the AP MO configurations, although one expects the 
limiting configuration to be $s. However, it is necessary 
to consider the changing character of the MO’s with 
internuclear distance, as well as the weights of the 
configurations. Population analysis allows both factors 
to be taken into consideration. 

A comparison of the excited-state functions in terms 
of the energy is made in Table III. The single-configura- 
tion wave functions exhibit correct general behavior. 
Marked improvement occurs in the two-term function 
because of s, p hydridization. Thus, in contrast with 
earlier predictions,” the strongest interaction is be- 
tween the two nonpolar configurations, ¢; and @», the 
LitH~ state contributing relatively little over the range 
of r considered here. 

The distribution of the electron population among the 
AO’s is shown in Table IV, where the single determinant 
(SD) Y=¢s is compared with the six-term W (CI). 
The configuration ¢; remains the lowest excited state 
between 2 and 8 au, although it should eventually trans- 
form to the atomic states, Li(?.S)+-H, corresponding to 
the dissociated molecular ground state. From the usual 
MO correlation diagrams it is seen that the 30 and 4c 
MO’s change, respectively, to the lithium 2s and 2p 
AO’s, so that the configuration corresponding to the 
excited state of the molecule at large r is dg. It can also 
be seen that CI allows for the promotion of electrons 
from the 2s to the 2p AO, or, equivalently, from the 3¢ 
to the 4c MO [cf. Table V(a) ]. 

The electron distribution among the configurations, 
given in Table V(b), indicates, also, that ¢s is by far 
the most important configuration up to 5 or 6 au. As r 
increases, the shift of population is expected to be from 


6 Miller, Friedman, Hurst, and Matsen, J. Chem. Phys. 27, 
1385 (1957); A. C. Hurley, ibid. 28, 532 (1958). 





DIPOLE MOMENT OF 


THE Li '2+ STATE 


TABLE II. Coefficients for the configuration terms for several excited-state molecular wave functions (a, for values of ro). 





(a) Determinantal AO configurations. 


Configuration 2.0 2.6 3.0 3.5 


4.0 5.0 6.0 7.0 8.0 





0.84756 
0.85582 
0.19633 
0.11595 
0.10822 
—0.03599 


0.81738 
0.76609 
0.20242 


0.62141 
0.91994 


0.76801 
0.85753 
0.15036 
0.05633 
0.06577 
—0.03550 


0.76211 
0.79508 
0.16496 


0.62014 
0.92016 


0.72318 
0.84668 
0.13186 
0.02266 
0.04747 
—0.02299 


0.73040 
0.80716 
0.14478 


0.61376 
0.91715 


Se? S233 


3? 


0.68026 
0.83063 
0.12286 
—0.00466 
0.03283 
— 0.00874 


0.69676 
0.81280 
0.13129 


0.59605 
0.91383 


0.64218 
0.82034 
0.12540 
—0.01793 
0.02372 
0.00031 


0.66095 
0.81455 
0.13010 


0.56289 
0.91579 


0.54606 
0.82698 
0.14819 
—0.02177 
0.01421 
0.00581 


0.55996 
0.82799 
0.14928 


0.44519 
0.94098 


0.37972 
0.87058 
0.17328 
—0.01525 
0.00863 
0.00532 


0.38717 
0.87180 
0.17341 


0.27192 
0.97818 


0.20649 
0.91662 
0.17386 
— 0.00829 
0.00517 
0.00116 


0.20935 
0.91649 
0.17391 


0.13261 
0.99517 





(b) Determinantal MO configurations. 


Configuration 2.0 2.6 3.0 3.5 


4.0 5.0 6.0 7.0 





0.06578 
0.25441 
0.17030 
—0.02967 
—0.94912 
0.01554 


0.07659 
0.26442 
0.17952 
—0.03298 
—0.94362 
0.02185 


0.08776 
0.27276 
0.18802 
0.03795 
—0.93826 
0.02798 


0.10784 
0.28503 
0.20096 
—0.04744 
—0.92901 
0.03793 


0.13904 
0.29667 
0.21692 
—0.06208 
—0.91599 
0.05211 


0.23900 
0.30214 
0.25002 
—0.11402 
—0.87588 
0.09437 


0.37947 
0.24784 
0.27601 
—0.20535 
—0.80495 
0.16818 


0.47064 
0.13114 
0.28501 
—0.30829 
—0.71304 
0.27677 





TaBLeE ITI. Excited-state energies (ry).* 





Determinantal AO configurations 


(3-term V: 
$1, $2, $3) 


(1-term WV: 
$2) 


(2-term ¥: 
fi, $2) 


“ 
— 


Determinantal MO 
. configurations 


(1-term ¥: 


(6-term ¥) $s) 


(6-term WV) 





0.25530 
0.08384 
0.04219 
0.02572 
0.02882 
0.05523 
0.08712 
0.10578 
0.11869 


0.33486 
0. 16383 
0.11829 
0.09217 
0.08177 
0.08102 
0.09551 
0.10782 
0.11911 


0.32598 
0.15747 
0.11295 
0.08727 
0.07652 
0.07323 


Go ID en HD 
coocomoao 


0.09785 
0.11263 


0.08500 


0.30734 
0.15167 
0.11087 
0.08665 
0.07610 
0.07285 
0.08480 
0.09779 
0.11261 


0.40253 
0.25545 
0.21879 
0.20051 
0.19789 
0.21539 
0.25222 
0.29579 
0.35595 


0.30640 
0.15160 
0.11089 
0.08671 
0.07618 
0.07291 
0.08483 
0.09780 
0.11262 





® Energies are relative to the separated, unexcited neutral atoms taken to be zero on the energy scale. 


$s to de and is just becoming strongly evident at 8 au. 
In any case, the limiting behavior of the excited state 
is by no means as well delineated in the SCF MO meth- 
od as in the determinantal AO calculation. In addition, 
since both six-term wave functions are nearly equivalent 
in terms of the energy and dipole moment, the popula- 
tion analysis does not give a quantitatively true picture 
of the charge distribution at large r, although the 
qualitative trends are correct. 

Subtotal and total overlap populations are given in 
Table VI. The effective overlap populations (i; CI) 
for the MO’s and the total overlap populations m are 
plotted in Fig. 1. With respect to the overlap popula- 
tions, the chief effect of CI comes from electron promo- 
tion from the nonbonding 30 MO to the strongly anti- 
bonding 4¢ MO. Thus, the total overlap decreases 


markedly, although the energy around the minimum 
is lowered more than 0.1 ry. 

Of considerable interest is the correlation observed 
here (and also seen previously®) between the shape of 
the total overlap curve as a function of internuclear 
distance and the calculated potential curve. This corre- 
lation has been emphasized by plotting the potential 
curve for the excited state in Fig. 1. Not only does the 
minimum of the potential curve correspond to the re- 
gion of maximum overlap, but also the broad behavior 
of the minimum is reproduced in the dependence of the 
overlap on internuclear distance. 

Table VII gives the overlap distribution among the 
MO’s and the configurations. Values of m(i) are based 
on total occupancy of the MO’s [N(i)=2], and the 
values for m(i; CI) are the actual or “effective” bond- 
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TaBLE IV. Gross atomic populations, N (px). 





ro N (1s) N (2s) N(2p) N(#) 





2.0 SD 


CI 


SD 
CI 


SD 
CI 


-9936 
9936 


-9986 
-9986 


.9994 
.9994 


SD .9997 
CI .9997 


1 0.6568 
1 
1 
1 
1 
1 
1 
1 
SD 1.9998 
1 
2 
2 
2 
2 
2 


0.6779 


0.6948 
0.7105 


0.7250 
0.7370 


0.7584 
0.7664 


0.7859 
0.7897 


0.8299 
0.8150 


0.8671 
0.7954 


0.9022 
0.7335 


0.9351 
0.6640 


0.5767 
0.6085 


0.5887 
0.6208 


0.5924 
0.6245 


0.5870 
0.6200 


0.5717 
0.6065 


0.5236 
0.5617 


0.4615 
0.5053 


0.3842 
0.4789 


0.2980 
0.5257 


0.7729 
0.7200 


0.7179 
0.6701 


0.6832 
0.6391 


0.6549 
0.6139 


0.6426 
0.6040 


0.6465 
0.6233 


0.6714 
0.6993 


0.7136 
0.7876 


0.7669 
0.8103 


2.6 


3.0 


3.5 


4.0 
CI .9998 


SD 0000 
CI 


SD 
CI 


SD 
CI 


SD 
CI 


5.0 : 

.0000 
6.0 .0000 
.0000 


0000 
2.0000 


2.0000 
2.0000 


7.0 


8.0 








ing strengths of the MO’s allowing for CI. As was 
found for the ground state, the bond in the excited state 
over the whole range of r considered is primarily due 
to the bonding 2¢ electrons. In distributing the overlap 
population among the configurations, it was found, for 
the ground state, that ¢; is the only bonding configura- 
tion. Here, ¢; is the principal bonding configuration, 
with ¢; contributing considerably at larger distances. 


Ill. DIPOLE MOMENTS 


From a naive viewpoint, the early prediction that the 
excited state is characterized at intermediate values of 
r by the LitH~ configuration leads to the expectation of 
a negative dipole moment. On the contrary, the moment 
at nearly every stage of approximation considered here 
turns out to be positive and large, out to 6 au. The de- 
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Fic. 1. Partial and total overlap populations for LiH, as a 
function of CI and internuclear distance. 











crease in the moment at larger distances represents only 
a relatively small contribution from the LitH~ con- 
figuration. This result is in agreement with the relatively 
low weight given to the LitH™- term in the total wave 
function. 

Dipole moment integrals, not given previously, are 
listed in Table VIII. Table IX presents the compiled 
dipole moment results for the excited state functions 
that have been discussed. The best dipole moment 
values for both = states are plotted in Fig. 2 to empha- 
size the change in the moment during the transition. 
Although neither one of the nonpolar AO configurations, 
¢: and ¢», considered separately, gives a positive 
moment from 2 to 8 au, the best linear combination 
results in a moment that compares well with the six- 
term Y. Results for the three-term W indicate that the 
effect of including the LitH~ configuration is more 
noticeable at distances greater than 6 au. 

The MO configuration ¢5 is a good approximation to 
the excited state at small values of r, and here the com- 
puted moment is in partial agreement with that cal- 
culated from the six-term VY. The transformation of $5 


TABLE V. Total atomic populations. 











(a) Electron distribution among the MO’s 


3.0 3.5 


4.0 5.0 6.0 





2.0000 
0.9026 
1.0248 
0.0726 


2.0000 
0.8965 
1.0254 
0.0781 


2.0000 
0.8877 
1.0251 
0.0872 


2.0000 
0.8804 
1.0212 
0.0984 


2.0000 
0.9642 
0.8617 
0.1740 


2.0000 
0.8903 
0.9835 
0.1262 





(b) Electron distribution among the configurations, ¢, 


2.6 3.0 3.9 


4.0 5.0 6.0 





0.0308 
0.2976 
0.1414 
0.0058 
3.5213 
0.0031 


0.0465 
0.3250 
0.1615 
0.0090 
3.4522 
0.0058 





0.0773 
0.3520 
0.1882 
0.0154 
3.3561 
0.0109 


0.5760 
0.2457 
0.3047 
0.1687 
2.5918 
0.1131 


0.2285 
0.3652 
0.2500 
0.0520 
3.0687 
0.0356 
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TaBLeE VI. Subtotal overlap populations, #(z, 1). 





n (total 
n(is,H) n(2s,H) n(2p,H) overlap) 





0.0745 
—0.0356 


0.1194 
0.0114 


0.1292 
0.0273 


0.1250 
0.0340 


0.1118 
0.0333 


0.0791 
0.0291 


0.0498 
0.0317 


0.0273 
0.0299 


0.0128 
0.0207 


0.2112 
0.1285 


0.2202 
0.1191 


0.2294 
0.1206 


0.2373 
0.1242 


0.2397 
0.1271 


0.2287 
0.1257 


0.2015 
0.1071 


0.1640 
0.0601 


0.1227 
0.0089 


0.2165 
0.0181 


0.3176 
0.1059 


0.3487 
0. 1367 


0.3587 
0.1541 


0.3502 
0.1589 


0.3077 
0.1546 


0.2513 
0.1388 


0.1913 
0.0900 


0.1355 
0.0296 


SD 
CI 


SD 


—0.0692 
—0.0748 


—0.0220 
CI —0.0246 


SD —0.0099 
CI —0.0112 


sD —0.0036 
CI —0.0041 


SD —0.0013 
CI —0.0015 


SD —0.0002 
CI —0.0002 


SD 0.0000 
CI 0.0000 


SD 0.0000 
CI 0.0000 


SD 0.0000 
CI 0.0000 





to neutral atomic states on dissociation can be as- 
sociated with the decreasing value of the moment at 
7 and 8 au. 

The apparent dipole moment, based on the gross 
atomic charges, is also given in Table IX. Near the 
equilibrium distances, the results agree with the exact 
calculation. Elsewhere, there is only qualitative agree- 
ment. In general, it has been found that the sign of the 
apparent moment is correct but that not much confi- 
dence should be placed in the magnitude. 








 (Oedyes) 











4 5 
1 (Atomic Units) 


Fic. 2. Dipole moments for the ground and excited states of 
LiH, as a function of internuclear distance. 


IV. DIPOLE STRENGTH OF THE '=+— '=+ TRANSITION 


Experimental values of the dipole moment have not 
yet been reported for either the ground or the excited 
state. A related experimental quantity is the dipole 
derivative at the equilibrium internuclear separation. 
A comparison between calculated and experimental 
values reported by Norris and Klemperer’ showed 
reasonable agreement with respect to sign and order of 
magnitude. 

Another possibility for comparison is the effective 
electric moment of the transition. The matrix element 
of the dipole moment between the two '2* states, 


R®= é WY r¥dr, 


can be easily computed theoretically and compared 
with the experimental integrated absorption coefficient 


TABLE VII. Overlap populations. 





(a) Overlap population distribution among the MO’s 


2.6 3.0 


3.5 4.0 5.0 6.0 





0.0035 
0.6509 
—0.0228 
—4.9522 


0.0035 
0.2938 
—0.0117 
—0.1797 


0.0014 
0.7025 
—0.0080 
—4.4960 


0.0014 
0.3149 
—0.0041 
—0.1755 


—3.7748 


—0.1645 


0.0001 
0.5980 
0.0172 
— 1.9036 


0.0001 
0.2662 
0.0085 
—0.1201 


0.0000 
0.4808 
0.0218 
—1.1770 


0.0000 
0.2318 
0.0094 
—0.1024 


0.0006 
0.7135 
0.0027 


0.0006 
0.3167 
0.0014 





(b) Overlap population distribution among the configurations, ¢, 


2.0 2.6 3.0 3.5 


4.0 5.0 6.0 





0.0038 0.0054 
—0.1674 
—0.0002 
—0.0065 

0.3069 


—0.0015 


0.0083 
—0.1532 
0.0001 
—0.0085 
0.3096 
—0.0022 


—0.1723 
—0.0015 
—0.0046 

0.1950 
—0.0006 


—0. 1338 
—0.0118 
—0.0032 


0.0342 
—0.0861 
0.0011 
—0.0247 
0.2360 
—0.0058 


0.0692 
—0.0355 
0.0017 
—0.0496 
0.1628 
—0.0098 


0.0134 
0.0005 
0.2938 








7™W. G. Norris and W. Klemperer, J. 


Chem. Phys. 28, 749 (1958). 
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TABLE VIII. Dipole moment integrals. 





2.0 2.6 3.0 3.5 


4.0 5.0 6.0 7.0 8.0 





Ss (r cos0) hdr 
J S(r cos@) hdr 
Sh(r cos) hdr 
Ss(r cos0) podr 
J S(r cos) podr 
Sh(r cos@) podr 


0.10850 
—0.89954 
1.99973 
0.10243 
—2.37356 
1.29225 


0.07649 
— 1.06522 
2.60049 
0.10243 
— 2.37356 
1.51157 


0.05770 
— 1.13357 
3.00044 
0.10243 
—2.37356 
1.63721 





0.03913 
—1.17301 
3.49908 
0.10243 
—2.37356 
1.75962 


0.02578 
—1.16725 
3.99695 
0.10243 
—2.37356 
1.83795 


0.01056 
— 1.05608 
4.99972 
0. 10243 
—2.37356 
1.86279 


0.00414 
—0.87281 
6.01831 
0.10243 
—2.37356 
1.74339 


0.00158 
—0.67401 
6.99503 
0.10243 
—2.37356 
1.53258 


0.00060 
— 0.49408 
7.98666 
0.10243 
—2.37356 
1.28344 





TasBLe IX. Computed dipole moments (in debye units). 








Determinantal AO configurations 
(2-termW) (3-termW) (6-term V) 


“ 
— 


(1-termW) (6-term ¥) 


Determinantal MO 


Apparent moment 
configurations j 


To QO(H 


SD CI 





5.071 
5.077 
5.049 
4.953 
4.742 
3.817 
2.147 
0.857 
0.252 


5.359 
5.126 
4.981 
4.783 
4.491 
3.418 
1.392 
—0.357 
—0.908 


CONT OA Ur ® GW Who bo 
oocoocoouwoaeo 








_ 
Ww 
w 
_ 
x 


e3e 
Be 
TRRBESSE 


Som wh PRT 


Seeks 
Un Go 8 BS 


sessas 


~ 

w 

oo 
S 
on 


| 
~I 
“100 


R 





TABLE X. Computed electric moments and oscillator strengths. 








2.0 2.6 3.0 3.5 4.0 


5.0 6.0 7.0 8.0 





Rw 
fe 


2.370 
0.072 


2.825 
0.100 


3.065 
0.112 


3.363 
0.121 





3.754 
0.132 


4.865 
0.165 


6.103 
0.211 


6.505 
0.237 


6.355 6.030 
0.245 0.254 





by means of the relation 


/ kydv= (82*v19/3hcNo) | R® | 2, 


(1) 


where No is the number of atoms per cm* in the ground 
state. Experimental results may also be given in terms 
of the oscillator strength, 


f= (82° meryo/3he*) | R® | 2, (2) 
where m and ¢ are the mass and charge of the electron, 
respectively. 

Table X gives values for the effective electric moment 
of the transition R® (in units of 10-'* esu-cm) and for 
the oscillator strength f® at each internuclear distance. 
There are several reasons why the intensity of this 
transition is expected to be relatively strong with f 
values between 0.1 and 1. In the first place, high- 
intensity transitions are usually associated with parallel 
transitions (AA=0). The example here is closely re- 
lated to a class of transitions that Mulliken has termed 
charge-transfer spectra. Characterizing this type of 


® R. S. Mulliken, J. Chem. Phys. 7, 20 (1939). 


transition is electron promotion from bonding to non- 
bonding or antibonding orbitals. In other words, some 
aspects of charge resonance appear in the transition, 
as can be seen from the change in sign of the dipole 
moment or, more qualitatively, from the change in the 
gross atomic populations. 

The variation of the electric moment with inter- 
nuclear distance over the range involved is assumed 
small in the quantum-mechanical formulation of the 
Franck-Condon principle.’ Earlier work on H;” showed 
the theory to be in disagreement with experiment and 
indicated that the r variation of the electric moment 
could not be disregarded. A large change of the moment 
with r, but in the opposite direction, occurs here also, 
although not so pronounced in the important region 
between 2.6 and 4.0 au. 

Unfortunately, experimental values for the transition 
probabilities do not appear to be in the literature. It 
would be interesting to compare such results with the 
computed values of Table X in the event that dipole 
moments for the ground and excited states are not forth- 

9G. H. Herzberg, Spectra of Diatomic Molecules (D. Van 


Nostrand Company, Inc., Princeton, New Jersey, 1950), p. 199. 
10H. M. James and A. S. Coolidge, Phys. Rev. 55, 184 (1939). 





DIPOLE MOMENT OF THE Li 12+ STATE 


coming in the near future. A reasonable check with re- 
spect to these off-diagonal elements of the dipole 
moment would give more confidence in the computed 
diagonal elements. 
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A theory of rotational relaxation of spherical top molecules in an inert gas is given, under the assumption 
that the molecules and atoms collide as rough spheres. Some general aspects of relaxation theory are first 
discussed and a theorem is presented which, under some circumstances, allows the problem to be greatly 
simplified. The rotational relaxation problem i is then solved both for two- and three-dimensional systems. 
If J is the moment of inertia of the rotating molecule, m the reduced mass of the atom-molecule system, and 
a the sum of the atomic and molecular radii, and if b= 1/ma*, then the most important result of the three- 
dimensional theory is that Z.rs= 3¢(1+-b)?/b, where Ze: is the number of collisions suffered by each molecule 
in a time equal to the relaxation time. This is the analog of a result previously derived by Wang Chang and 
Uhlenbeck for self-relaxation in the pure molecular gas. Values of Z.¢: are calculated for a variety of mix- 


tures of spherical top molecules with inert gases. 





1. INTRODUCTION 


N a dilute gas which is in thermal equilibrium at 
absolute temperature 7, the distribution of the 
molecules among translational and internal states is 
uniquely determined by T and by the dynamical 
properties of the separated particles, quite independ- 
ently of the details of the occasional intermolecular 
collisions which occur. But when the gas is not at ther- 
mal equilibrium then under a very wide range of cir- 
cumstances it is precisely these rare intermolecular 
collisions which are primarily responsible for the 
ultimate establishment of the equilibrium distribution, 
and the time required for equilibrium to be approached 
depends on the details of the molecular interactions. 
This picture is simplest when it is imagined that most 
of the gas consists of identical point particles (which 
will be called atoms) with no variable internal states, 
and that these particles have always an equilibrium 
velocity distribution characteristic of a single fixed 
temperature 7; and that dilutely dispersed in this gas 
is another set of identical particles (which will be called 
molecules) that do have internal states that can be 
changed by collision, but which have stationary centers 
of mass. By having many more atoms than molecules, 
one may neglect molecule-molecule interactions and 


* This research was supported by the U. S. Air Force through 
the Air Force Office of Scientific Research of the Air Research and 
Development Command under contract No. AF 18(603)-111. 


consider only atom-molecule collisions; and by having 
even the gas of atoms dilute, one may neglect triple 
and higher order collisions. 

The particular case which will be treated here is that 
in which the molecules are rigid rotors, and what is 
sought is a detailed description of the time evolution of 
the distribution of molecules among rotational states, 
given an arbitrary initial distribution. The problem 
will be treated entirely classically, and solved first for a 
two-dimensional system, and then for a three-dimen- 
sional one. 

In the two-dimensional problem the molecules are 
taken to be circles lying in the plane of the gas, the 
center of mass of each circle coinciding with its geo- 
metric center, but no other assumption being made 
about the distribution of mass within the circle. In the 
three-dimensional problem the molecules are taken to 
be spheres, the center of mass of each sphere coinciding 
with its geometric center, and the distribution of mass 
within the sphere such that the molecule is a spherical 
top (three equal principal moments of inertia). These 
two sets of requirements are strictly analogous, in that 
in both cases an axis about which the molecule can 
rotate is of necessity a principal axis passing through 
the mass and geometric center, and the moment of 
inertia about such an axis has only one possible value, J. 

It is further specified that the spheres or circles are 
rough, and that their collisions with the atoms are 


impulsive; this is essentially the Bryan-Pidduck 
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model.! The condition of roughness is that the vector 
velocity difference between the atom and that point of 
the circle or sphere at which impact occurs, changes its 
sign upon collision, and this condition, when combined 
with the laws of impulsive motion,? completely deter- 
mines the collision dynamics. 

The reason for specifying a circular or spherical 
periphery for the molecule is that then every collision 
with an atom consists of only one impact, i.e., the 
phenomenon of impact multiplicity*® (called “chatter- 
ing” by Dahler*), which ordinarily introduces enormous 
complications, does not then occur. The additional 
restrictions on the nature of the rotating molecules are 
made to insure that their angular velocities and angular 
momenta are always parallel, with a single fixed con- 
stant of proportionality (the moment of inertia J), this 
being an obviously desirable simplification. The ap- 
parent restrictions that the atoms have no size and that 
the molecular centers of mass be stationary, are not 
really restrictions at all; for the more general case, one 
has merely to replace the atomic mass, to be called m, 
by the reduced mass of the atom-molecule system; and 
to replace the molecular radius, to be called a, by the 
sum of the atomic and molecular radii. Then the re- 
quirement that the atomic velocity distribution be 
always Maxwellian with a fixed T becomes a specifica- 
tion of the distribution of relative velocities of the 
atomic and molecular mass centers; and the require- 
ment that the atoms be structureless point particles 
becomes the restriction that they shall be incapable 
of undergoing any change in state other than transla- 
tional. The latter requirement is obviously fulfilled by 
inert gas atoms at temperatures where electronic 
excitation is rare. 

In Sec. 2 the general theory of the relaxation problem 
is outlined, mostly in a language which is independent 
of the nature and number of the internal molecular 
states. It is shown how the time evolution of the dis- 
tribution function is determined by the transition 
probability per unit time. The latter is a symmetrizable 
kernel the eigenvalues of which lead to the relaxation 
times of the process, and one of these is identified as 
the relaxation time r. The usual convention is followed 
of introducing the related quantity Z.4;=Z7r, where Z 
is the total number of collisions per unit time suffered 
by each molecule. Finally, a general theorem is stated 
which, under some circumstances, allows the eigenvalue 
problem, for the case in which the molecule has more 
than one degree of freedom, to be reduced to a much 
simpler problem, and it is pointed out that the theorem 


applies, in particular, to the three-dimensional rotor 
case. 


1$. Chapman and T. G. Cowling, The Mathematical Theory of 
Non-Uniform Gases (Cambridge University Press, Cambridge, 
England, 1939), pp. 199-205. 

?E. T. Whi 


ttaker, Analytical Dynamics (Dover Publications, 


New York, 1944), fourth edition, pp. 50-51. 
3B. Widom, J. ’Chem. Phys. 28, 918 (1958). 
#jJ.S. Dahler, J. Chem. Phys. 30, 1447 (1959). 
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In Sec. 3 the dynamics of the two-dimensional case are 
discussed, the transition probability is found, and the 
eigenvalue problem is solved. If J is the molecular 
moment of inertia, @ the molecular radius, and m the 
atomic mass, and if one defines the parameter b= I/ma?, 
then it is found that for this two-dimensional case, 


3(1+5)?/b, if b<1. 


if b>1 


Zeu= (1.1) 


In Sec. 4, the dynamics of the three-dimensional case 
are discussed, the transition probability is found, and 
the eigenvalue problem is solved. It is found that 


Zet= $(1+6)?/b. (1.2) 
In both cases, then, Zer: is independent of temperature 
and depends only on the ratio of J to ma’, becoming 
large (collisions inefficient) when J is either much 
greater than or much less than ma’, and having its 
minimum value (collisions most efficient) when J and 
ma? are exactly equal. 

In Sec. 5, the theory is applied to concrete examples 
and values of Z.s: for rotational relaxation are pre- 
dicted for mixtures of various spherical top molecules 
with inert gases. 


2. OUTLINE OF THE THEORY 


The general theory of the relaxation problem will be 
briefly outlined in this section. The conditions de- 
scribed in Sec. 1 will be assumed, except that the 
nature and number of the internal molecular states 
(the degrees of freedom which are approaching equi- 
librium) are at first left unspecified, and the atom- 
molecule interaction may be of any form just so long 
as it leads to the existence of a finite collision number Z. 

By an internal state of the molecule will be meant 
any set of constant values of independent action 
variables, equal in number to the number of internal 
degrees of freedom. These are then the constant values 
that these dynamical variables have when the molecule 
executes its natural motions unperturbed by collision. 
When the molecule undergoes collision with an atom 
its state is in general changed, that is, its action varia- 
bles take on a new set of values, these again remaining 
constant until the next collision. 

When the molecule is the plane rotor described in 
Sec. 1 its state is uniquely determined by a single ac- 
tion variable, which may conveniently be taken to be 
the angular momentum L perpendicular to the plane of 
rotation, and having the range of values 


—x<L<o, (2.1) 


positive and negative values corresponding to rotation 
in opposite directions. For the three-dimensional rotor 
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described in Sec. 1 three independent action variables 
are required to specify the state, and these may con- 
veniently be chosen to be the magnitude of the angular 
momentum, the component of the angular momentum 
along an arbitrarily chosen axis fixed in space, and the 
component of the angular momentum along an arbi- 
trarily chosen axis fixed in the body, denoted, respec- 
tively, by J, M, K, and having the range of values, 


0< J<a 
—JSM<J 


—J<SK<J. (2.2) 

In the general case, the variables specifying the state 
of the molecule will be represented by the single symbol 
x (or y), and then dx (or dy) will be an element of 
volume in the space of states. An integral such as 
J--+dx written without indicated limits will imply 
integration over the entire space. 

Let k(x, y)dy be the probability per unit time that a 
molecule initially in state x will make a transition to 
states in the range y, y+-dy; let c(x, #)dx be the fraction 
of all the molecules which at time ¢ have states in the 
range x, x+dx; let {(x)dx be the fraction of all the 
molecules that would be found with states in the range 
x, x-+-dx if the molecular system were in thermal 
equilibrium at the temperature of the atomic gas; and 
let Z be the total number of collisions per unit time 
suffered by each molecule. Then, 


[ee nay=z (2.3) 


f(x) k(x, y) =f(y) R(y, 2) (2.4) 


dc(x, t)/dt= i k(y, x)c(y, t)dy—Zc(x,t). (2.5) 


Equation (2.3) is the condition that the transition 
probability be complete and Eq. (2.4) is the condition 
that it satisfy detailed balance. The object of the relaxa- 
tion theory is the solution of Eq. (2.5) with an arbi- 
trarily prescribed c(x, 0). 
If S(x, y) is defined to be the kernel 

S(x,y) = S(y, x) =C f(x) /f(y) Pe(x, y), (2.6) 
the symmetry of which is a consequence of Eq. (2.4); 
and if @;(x) and A,(#=0, 1, 2, ---) are its eigenfunc- 
tions and eigenvalues, so that 


J S(x, y)os(y)dy=ios(x) ; (2.7) 


then the solution of Eq. (2.5) is 


(x, )=L ie) Pade) exp[—(Z—D,)¢], (2.8) 


where 


hem [C4 @)Hele, O)os(apar / foecayae 


Thus, the problem of finding c(x, ¢) when c(x, 0) is 
prescribed, is equivalent to the problem of finding the 
eigenfunctions and eigenvalues of the symmetrized 
kernel S(x, y). 

The eigenvalues may be numbered in such a way that 


— © <A < + <As<A1< do =Z, (2.9) 


where by A,, is meant 


A= lim Aw: 
N70 


This limit must be finite, not — ©, corresponding to 
the fact that in Eq. (2.8) every mode of decay to equi- 
librium is limited by a finite collision number Z and 
cannot, therefore, be infinitely fast. That no eigenvalue 
\; can exceed Z corresponds to the fact that in Eq. 
(2.8) no term may increase with time. That the upper 
limit Z is actually attained by one of the eigenvalues, 
Xo, corresponds to the fact that one term in Eq. (2.8) 
must be independent of #, in order that 


c(x, ©) =f(x), 


which is the equilibrium distribution. From Eqs. (2.8) 
and (2.10) it is seen that, with no attempt at normaliza- 
tion, 


(2.10) 


¢o(x) =const[ f(x) }, (2.11) 
so that the largest eigenvalue Xo and the corresponding 
eigenfunction ¢o(x) are known from general principles 
regardless of the details of S(x, y). That [ f(x) } is 
an eigenfunction of S(x, y), with eigenvalue Z, is 
equivalent to the completeness condition of Eq. (2.3). 

The transition probability k(x, y) is proportional to 
Z, and therefore, so is S(x, y) and therefore, so is each 
eigenvalue d,. 

The relaxation times are (Z—A,;)—(i=1, 2, 3, ---). 
The largest of these determines the approach of c(x, #) 
to f(x) when the system is close to equilibrium, and is 
therefore identified as the relaxation time, 7. Thus, 

r=(Z—d) (2.12) 
and since each X, is proportional to Z, the relaxation 
time is inversely porportional to Z. The usual conven- 
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tion will be followed of introducing Z.¢:, 


Zeu=Zr, (2.13) 


so that © 


Z.u= (1—d/Z)7. (2.14) 
Zt: is the number of collisions suffered by each mole- 
cule in a time equal to the relaxation time, or, much less 
precisely, it is the number of collisions required to 
establish equilibrium. Since each \, is proportional to Z, 
it follows that Z.¢ is independent of Z. The concentra- 
tion of the atom gas enters the problem only through Z, 
so Zere is independent of this concentration, unlike r, 
which is inversely proportional to it. 

Under some circumstances, it is meaningful to de- 
scribe the state of the system with a number of action 
variables which is less than the number of internal 
degrees of freedom of the molecule, and it is possible 
to have the preceding theory hold even with this con- 
tracted set of variables. The result is a less detailed 
description of the approach to equilibrium than would 
be obtained with a complete set of action variables, but 
characterized nevertheless by exactly the same set of 
relaxation times as in the more complete description. 

This possibility arises when the variables previously 
symbolized by x (and, correspondingly, by y) may 


actually be separated into two groups, say %1, x2 (and, © 


correspondingly, 41, y2), such that when the transition 
probability k(x, x2; yi, ye) is integrated over the full 
range of y2 (a range which may very well depend on 
yi) it leads to a function of x and y; alone, independ- 
ently of xe. If this is the case, and if the resulting func- 
tion of x, y; is called the contracted transition proba- 
bility k(, y:), then this hypothesis takes the form, 


k(x, V1) = [ec 2; 1, V2) dy2. (2.15) 


Contracted distributions c(a, ¢) and f(a) may be 
defined in terms of the original uncontracted functions 
C(x, %2; 4) and f(a, x2) by 


C(x, t) = | (a1, X25 t)dxe 


(2.16) 


fla) = f f(a der 


Furthermore, since the original uncontracted kernel 
k(x1, %2; ¥1, Y2) and uncontracted equilibrium distribu- 
tion f(x, x2) satisfy detailed balance in the form of 
Eq. (2.4), it follows by integration over x2 and 2 that 
the contracted functions satisfy the identical condition; 
and therefore, also that the contracted kernel S(a, 91) 


B. WIDOM 


defined by 


S(x1, 1) =C f(x) /f (1) PR (m1, 1) 


is symmetric. Finally, the eigenfunction ¢;(%, x2) may 
also be contracted by the definition 


(2.17) 


bln) =Cha) PCs, m) Pole, mde (2.18) 


and from Eqs. (2.6), (2.7), (2.15), and (2.17), it 
follows that this contracted ¢;, is an eigenfunction of the 
contracted S, with the same eigenvalue \; that belongs 
to the uncontracted ¢; and S. Indeed, the contracted 
quantities defined by Eqs. (2.15)-(2.18) satisfy all the 
relations of Eqs. (2.3)—(2.14), inclusive, that are satis- 
fied by the uncontracted quantities, and do so with the 
same set of eigenvalues d;. 

The importance of this observation for the purposes of 
the present work lies in the fact that in the three- 
dimensional case treated in Sec. 4 the transition proba- 
bility k( J, M, K; J’, M’, K’) satisfies the hypothesis of 
Eq. (2.15) with respect to integration over K’ and 
M’; and therefore, by the above theorem, for purposes 
of finding 7 and Z,¢ it is sufficient to find and study 
the contracted transition probability 


ops 
KJ, J’) = / k(J, M, K; J’, M’, K’)dK'aM’. 
—sity—si 


(2.19) 


That the right-hand side of Eq. (2.19) is independent of 
M and K, which is the crucial point, is a consequence of 
the following two obvious properties of the previously 
described model: (i) The internal component of 
angular momentum K is of no relevance in determining 
either the M’ or the J’ that result from any collision 
with initially prescribed M and J. (ii) Since the inci- 
dence of impinging atoms is completely isotropic, the 
probability per unit time of producing J’ in some pre- 
scribed range depends only on the initial J but not on 
the initial M. Note that the content of these two state- 
ments is quite different; the first says that for producing 
a given M’ and a given J’, the initial K is irrelevant 
in each collision, whereas the second says that for 
producing a given J’ the initial M is irrelevant on the 
average. 


3. TWO-DIMENSIONAL MODEL 


As explained in Sec. 2, the state of the rotating mole- 
cule may be defined by the value of the angular mo- 
mentum L perpendicular to the plane of rotation, the 
range of L being 


—x<L<o, (3.1) 
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The equilibrium distribution function is then 


f(L) = (2xIkT)- exp(—L*/2IkT), (3.2) 
where J is the moment of inertia of the molecule about 
its only axis of rotation, & is Boltzmann’s constant, and 
T is the constant absolute temperature of the gas of 
atoms. 

Let ~, be the radial component of the momentum of 
the atom at the instant of impact with the periphery of 
a rotating circle (molecule) ; it does not matter whether 
the inward or outward direction is chosen for p,>0. 
Let ; be the tangential component of the momentum 
of the atom at the instant of impact, and take it to be 
positive when it corresponds to the same (arbitrarily 
chosen) direction of rotation that is associated with 
positive values of L. Let a be the molecular radius and 
m the atomic mass. Then the condition of roughness, 
as defined in Sec. 1, when combined with the laws of 
impulsive motion, is equivalent to the following three 
conditions which, in turn, completely determine the 
collision dynamics: 


pr’ gen pr 
L'+ap/= L+ap; 
L!2/2I+ (pe?-+ py?) /2m= L?/2I+-(p2+p2)/2m. (3.3) 


Unprimed and primed quantities refer, respectively, to 
the instant before and the instant after impact. These 
three conditions specify that, (i) the radial component 
of the momentum of the atom is simply reflected upon 
impact, but its magnitude is left unchanged, (ii) the 
total angular momentum of the atom and of the ro- 
tating circle about the circle’s axis of rotation is con- 
served in the collision, and (iii) the total kinetic energy 
of the atom and of the rotating circle is conserved in the 
collision. 

The final state L’ may be expressed in terms of the 
initial conditions by solving Eqs, (3.3): 

(I+-ma?) L'= (I—ma*) L+-2]ap;. (3.4) 

This is the same result as in the head-on collision of two 
particles, where ap, and ma? are the momentum and 
mass of one particle, while L and J are the momentum 
and mass of the second. Equality of masses in the re- 
lated problem is then analogous in the present problem 
to the condition J=ma?. It will be seen later that this 
special case has certain unique features, which might 
then explain the peculiar relaxation behavior pre- 
viously found for a string oscillator undergoing colli- 
sions with particles of mass identical to its own.* 

To find the transition kernel it will be convenient to 
express Eq. (3.4) in another way. Let q(L, L’; p.)dL’ be 
the probability that a molecule in state L will make a 
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transition to states in the range L’, L’+dL’ when it 
suffers a collision in which the tangential component of 
the momentum of the colliding atom at the instant 
of impact is initially p;. Then, according to Eq. (3.4), 
q(L, L’; pr) =8{ L'—[(I— ma?) / (I+ ma?) ]L 
—[2I/(I+ma*) jap}. 


The transition kernel is then found directly as 


(3.5) 


RL, L)= J" gL, L's p)s(pddpy (3.6) 


where 2(p;)df; is the number of collisions per unit time 
suffered by each molecule, in which #; lies in the range 
pt, Pet+dp:. From kinetic theory, 

2(p:) =Z(2emkT)—- exp(—p2/2mkT), (3.7) 
where Z is the total number of collisions per unit time 
suffered by each molecule. An explicit formula for 
k(L, L’) follows easily from Eqs. (3.5)-(3.7). Further- 
more, with the equilibrium distribution function given 
in Eq. (3.2), the symmetrized kernel S(L, L’) may 
then be readily constructed as shown in Eq. (2.6). 
It is to be recalled that solving the relaxation problem 
amounts to finding the eigenfunctions and eigen- 
values of S. 

The expression for S(LZ, L’) is somewhat cumber- 
some, but may be considerably simplified by the 
following change of notation. Let 


b=1/ma? (3.8) 


and define new variables ¢ and 7 to replace L and L’: 
2(2IkT) = (6+6-) IL 
2(21kT) m= (6+5-")!L’. (3.9) 


Finally, replace S(Z, L’) by the symmetric kernel 
o(,n): 


(b'+-b4) Zo(E, n) = (8eIkT)IS(L, L’). (3.10) 


Then, if S(L, L’) is derived in the manner outlined 
above, the related kernel ¢ is found to be 


o(, ») =exp{— (+n?) +2[(8—1)/(P+1) ey}. 
(3.11) 
Furthermore, if x;(¢) and o; are the eigenfunctions and 


eigenvalues of o(é, ») with ¢, 7 in the range — © to », 
then these are related to the eigenfunctions ¢;(L) and 
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eigenvalues A; of S(L, L’) by 


¢:(L) =x.(€) 


A=([(1+5)/(14+8) tt ]Zo,. (3.12) 
It is shown in Appendix I that the eigenfunctions and 
eigenvalues of o(£, »), for the range — © <£, n< ©, are 


xn (E) =n {[8/(6+5-) FE} 


on= mL (1+0")4/(1+6) [(6—1)/(6+1) (3.13) 
with n=0, 1, 2, ---. Here, ¥,(x) is the parabolic cyl- 
inder function defined by 

Wn (x) =exp(2*/4) (—d/dx)" exp(—2?/2), (3.14) 


with no attempt made at normalization. 
From Eqs. (3.12) and (3.13), 


An=[(b6—1)/(6+1) PZ (n=0, i, 2, -° *), (3.15) 


but these are not necessarily ordered in accordance 
with Eq. (2.9). It is seen that the largest eigenvalue is 
indeed Z, as required by Eq. (2.9), and the corre- 
sponding eigenfunction @¢(Z) is indeed a constant 
multiple of [ f(L)}, as required by Eq. (2.11). The 
lower limit of the eigenvalues is finite and each eigen- 
value is proportional to Z, these properties, too, being 
in accord with the general theory. 

The next to the largest eigenvalue, called \; in Sec. 
2, corresponds to n=1 when 6>1 but to m=2 when 
b<1. Then, from Eqs. (2.14) and (3.15), 


3(1+d) 
Zet= 
t(1+6)?/b 


if b>1 
(3.16) 
if b<1. 


Thus, Z.s: is independent of temperature and depends 
only on the ratio of J to ma’; it takes its minimum 
value (unity, in this case) when J and ma? are exactly 
equal, and it is large when J is either much greater than 
or much less than ma*. These properties of Z.+: will 
again be found in the three-dimensional model. 

It is seen from Eq. (3.15) that in the special case 
b=1 the eigenvalues are infinitely degenerate. On 
recalling the previously noted analogy between this 
problem and that of the head-on collision of hard 
spheres, this infinite degeneracy is seen to be the 
probable explanation for the lack of a true relaxation 
time in the model of a string oscillator suffering im- 
pulsive collisions with particles of mass identical to 
its own. This is not certain, however, because the 
analogy between the two problems fails in two re- 
spects. First, the phenomenon of impact multiplicity 
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appears in the earlier problem but not in the present 
one, and secondly, in the analog of Eq. (3.7) in the 
string-oscillator problem, an additional factor of | p; | 
appears on the right-hand side. 


4. THREE-DIMENSIONAL MODEL 


As explained in Sec. 2, the state of the rotating 
molecule may be defined by the three quantities 
J=\|J|, M=J-u, K=J-v, where J is the angular 
momentum of the rotating molecule, u is an arbitrary 
unit vector fixed in space, and V is an arbitrary unit 
vector fixed in the molecule. The range of the variables 
is 


0< J<a 
—-J<M<J 


—J<SK<J. (4.1) 


The equilibrium distribution function is then 


f(J, M, K) =2(2xIkT)— exp(— J?/2IkT), (4.2) 
independently of M and K. Here, J is the common 
value of the moment of inertia of the molecule about 
any axis through its center. 

It was seen in Sec. 2 that for purposes of finding 7 
and Z.+:, it is sufficient to study the relaxation of the 
single dynamical variable J, and to work with the 
correspondingly contracted kernels and distribution 
functions. From Eqs. (2.16), (4.1), and (4.2), the 
contracted equilibrium distribution function is 

f(J) =44(2aIkT) Pexp(— J?/2IRT). (4.3) 

Let p be the momentum of the colliding atom, let 
p=| p |, and let r be the vector from the center of the 
molecule to that point of its surface at which impact 
occurs. Let a again be the molecular radius (so that 
| r|=a) and m the atomic mass. Then, the condition 
of roughness, as defined in Sec. 1, when combined with 
the laws of impulsive motion, completely determines 
the collision dynamics. In particular, it is found that 


p’-r=-p-r 
J'+rxp’=J+rxp 


J"2/21+ p’?/2m= J?/21+ p?/2m. (4.4) 
As before, unprimed and primed quantities refer, 
respectively, to the instant before and the instant after 
impact. These three conditions are completely analogous 
to those for the two-dimensional problem in Eqs. 
(3.3): (i) Reflecticn of the radial component of p, (ii) 
conservation of total angular momentum, and (iii) 
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conservation of total kinetic energy. These relations 
amount to five scalar conditions, and they are therefore 
not in themselves sufficient to determine the collision 
dynamics, since the problem involves six degrees of 
freedom. This differs from the two-dimensional case, 
where the three scalar conditions of Eqs. (3.3) were 
just enough to determine the dynamics since only three 
degrees of freedom were involved. Since the dynamics 
are, however, determined even in the present case, the 
condition of roughness and the laws of motion together 
must imply a sixth scalar conservation law in addition 
to those of Eqs. (4.4). In any event, the dynamics can 
be completely worked out, and the final angular momen- 
tum J’ may be readily expressed in terms of the initial 
conditions!: 


(I+-ma?) J’ = (I—ma®) J+-2mr-Ir+2IrXxp. (4.5) 


The relaxation problem will be worked out here only 
in its contracted form. The uncontracted transition 
kernel k( J, M, K; J’, M’, K’) is quoted for reference 
in Appendix II, but its derivation, being somewhat 
involved, is not reproduced. The contracted kernel will 
be found directly from the collision dynamics, rather 
than by integration of the uncontracted transition 
probability. 

To find the contracted transition kernel k(J, J’) it 
will be convenient to express the relevant aspects of 
Eq. (4.5) in another way. Let g(J, J’; r, p)dJ’ be 
the probability that a molecule in state J will make a 
transition to states in the range J’, J’+dJ’ when it 
suffers a collision of prescribed r and p. Then, accord- 
ing to Eq. (4.5), 


qQ(J, J’; 8, p) =8{ J’—[1/(I+-ma?*) IL (I—ma*)? P? 
+4ml1(r-J)?-+42 | rxXp | 2+41(1— ma’) J-rxp}}. 
(4.6) 
If now 2(r, p)dodr is the number of collisions per unit 
time suffered by each molecule, in which r lies in the 
element of area do on a sphere of radius a and p lies 


in the element of volume dr in momentum space, then 
the transition kernel is found directly as 


eI, 7')= [favs 7's 8, p)s(4, p)dadr, (4.7) 
—p-r>0 
where the obviously necessary requirement! —p-r>0 


confines r to a hemisphere for any fixed p or confines 
p to a half-space for any fixed r. From kinetic theory, 


2(r, P) =[Z/2a(2xamkT)*](—p-r) exp(—p*/2mkT), 
(4.8) 
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where Z is again the total number of collisions per unit 
time suffered by each molecule. Equations (4.6)—(4.8) 
determine k(J, J’), and it is worked out in detail in 
Appendix III. Furthermore, with the contracted equilib- 
rium distribution function given in Eq. (4.3), the con- 
tracted symmetric kernel S(J, J’) may then be readily 
constructed as shown in Eq. (2.17). It is again to be 
recalled that solving the relaxation problem amounts 
to finding the eigenfunctions and eingenvalues of S. 

The expression for S(J, J’) may be considerably 
simplified by changes of notation completely analogous 
to those in Eqs. (3.8)—(3.10). Again let 


b=I/ma? (4.9) 


and define new variables ¢ and » to replace J and J’: 
2(21kT) = (6+07) 87 
2(2IkT) n= (6+0-) 17’. (4.10) 


Finally, replace S(J, J’) by the symmetric kernel 
o(&, 1): 


(b'+-b-+)*Zo(E, 9) = (2kT)*(b+-07)'S(J, J’). (4.11) 
Then, with S(J, J’) found in the manner outlined 


above, using the result of Appendix ITI, the resulting 
expression for the kernel ¢ is 


in(E, 9) 
o(t,n) = expl—(2-+9")] [ exp(2P) 


X Io{2[(P—1)/(P+1) ](P—F)(r—F) dt, (4.12) 


where standard notation has been used for the Bessel 
function of imaginary argument,’ and where “min 
(, »)”’ means the smaller of the two numbers é and 7. 
Furthermore, if x;(¢) and o; are the eigenfunctions and 
eigenvalues of o(¢, 7) with , 7 in the range 0 to ~, 
then these are related to the eigenfunctions ¢,(J) and 
eigenvalues A; of S(J, J’) by 


o:( J) =x:(&) 
As=2[(1+6)?/(1+8) ]Zo;. 
It is shown in Appendix IV that the eigenfunctions 


and eigenvalues of o(é, 7), for the range 0<é, 7<&, 
are 


(4.13) 


xn(€) =Vonsa{[8/(B+5-2) Pe} 
oem [(1+b)/4(140))/ (1a) — 4b0/(146)*}de 
(4.14) 


5G. N. Watson, Theory of Bessel Functions (Cambridge Uni- 
versity Press, Cambridge, England, 1944), second edition, p. 77. 
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TABLE I. Atomic and molecular radii, in units of 10-* cm. 





He 1. 
Ne 1. 
A & 
Kr 2. 
Xe 2. 


: GeHy 2! CF, 2. 
SiH, 2. SFs 3. 

CH, 2. CCk 3. 
CD. 2 SiBrs 3. 
3. 


C(CHs)« 





with m=0, 1, 2,---. The parabolic cylinder functions 
Wn(x) are defined in Eq. (3.14). 
From Eqs. (4.13) and (4.14), 


m= 4z [ (1-2) 9 1—[40/(14-0)*e nae, (4.15) 


and these are already ordered in accordance with Eq. 
(2.9). The special condition b=1 does not here lead to 
degeneracy, as it did in the two-dimensional problem. 
The largest eigenvalue Xo is indeed Z, as required by 
Eq. (2.9), and the corresponding eigenfunction ¢o( J) 
is indeed a constant multiple of [f(J)}, as required 
by Eq. (2.11). The lower limit of the eigenvalues is 
finite (zero, in this case) and each eigenvalue is propor- 
tional to Z, these properties, too, being in accord with 
the general theory. 

The next to the largest eigenvalue ), is easily cal- 
culated from Eq. (4.15), and then it follows from Eq. 
(2.14) that 

Zor= §(1+5)?/b. (4.16) 
As in the two-dimensional case, Z.+: is independent of 
temperature and depends only on the ratio of J to ma’. 
It takes its minimum value (3, in this case) when J 
and ma? are exactly equal. 


5. APPLICATIONS 


The result contained in Eq. (4.16) is here applied to 
calculate ‘values of Z.+ for rotational relaxation in a 
variety of mixtures, each consisting of a gas of spherical 
top molecules dilutely dispersed in a rare gas. As noted 
in Sec. 1, the mass m which appears in the definition 
b=I/ma? is to be identified with the reduced mass of 
the atom-molecule system, while the radius a is to be 
identified with the sum of the atomic and molecular 
radii. The remaining parameter J is to be taken literally 
as the molecular moment of inertia. 

The radius assumed here for each of the molecules and 
atoms in question is given in Table I. The values of 
Z.« which then follow from Eq. (4.16) for each atom- 
molecule pair are given to the nearest integer in Table 
II. Since the smallest possible value of Zt: is $, when 
rounded off to the nearest integer the smallest possible 
value is 2. 

The theory predicts that Z.11 is independent of temp- 
erature, i.e., that the corresponding relaxation time is 
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inversely proportional to 7% at fixed density or pro- 
portional to 7% at fixed pressure. 

When Z.+: is greater than about 10, it can probably 
be found from measurements of acoustic dispersion or 
absorption.* A practical difficulty which could arise 
is that when rotational relaxation is slow, translational 
relaxation of the molecules might also be slow, and 
these two phenomena might be difficult to resolve. 
Also, the present theory would then lose some of its 
quantitative significance since it was based on the 
assumption of instantaneous translational equilibra- 
tion. On the other hand, if translational relaxation does 
accompany the rotational relaxation, the difference 
between the low- and high-frequency specific heats 
would be greater than if rotational relaxation occurred 
alone, and this would at least make the combined relaxa- 
tion more easily apparent. 

It is easy to show that the next to the slowest mode of 
rotational relaxation would probably not be experi- 
mentally resolvable from the slowest. Let 

Zett = (1—2/Z)-, (5.1) 
by analogy with Eq. (2.14), so that Z.n’ is Z times the 
relaxation time of the next to the slowest mode, in the 
same way that Z.r is Z times the relaxation time of the 
slowest. The eigenvalue \: can be calculated explicitly 
from Eq. (4.15), and the resulting Z.’ is then found 
to be related to Zer: itself by 

Lett =5Ze?/(10Z.141—6). (5.2) 
On the other hand, it was seen before that Z..> 3, 
so it follows from Eq. (5.2) that 

$Zetr< Ze < BZ. (5.3) 
Thus, the next to the longest relaxation time always 


lies between $ and of the longest, and the two are 
therefore almost surely unresolvable. 


TABLE II. Z,¢¢ for rotational relaxation of spherical top molecules 
in an inert gas, to the nearest integer.* 





xq 
o 


Ne 


RNNNNWODAWU 


18 
15 
15 
9 
2 
2 
2 
2 
2 





® For the six entries in bold face type, b>1; for the remaining entries, <1. 


* For a recent experimental determination of rotational Z.4, 
and some references to earlier work, see Bauer, Kneser, and Sittig, 
J. Chem. Phys. 30, 1119 (1959). 
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TABLE III. Z.¢¢ for rotational self-relaxation of spherical top 
molecules, to the nearest integer. 





GeH, 63 
SiH, 28 
CH, 18 


CD, 12 
C(CHs). 7 
CF, 6 


SF 
CCl 
SiBr, 





Self-relaxation in the pure molecular gases is not 
covered by the present theory since the explicit assump- 
tion was made that one of the collision partners (the 
atom) is itself incapable of undergoing a change in 
rotational state. However, the rotational relaxation time 
in a pure rough-sphere gas has been found by Wang 
Chang and Uhlenbeck,’ and in the present notation 
their result is 


Zu= $(1+26)?/6, 


which becomes identical to Eq. (4.16) for small 5. In the 
definition b= I/ma?, the reduced mass m is now half the 
molecular mass, and the effective radius a is now twice 
the molecular radius. Values of Z. for self-relaxation 
are quoted in Table III. The radii in Table I were again 
assumed. It is to be noted that now the smallest 
possible value of Ze is 3, and that it occurs when 
b=}. Also, in a pure molecular gas 6 cannot exceed }. 


APPENDIX I 


It will be shown here that the eigenfunctions and 
eigenvalues of the kernel o(£, 7) in Eq. (3.11), are 
given by Eq. (3.13). The range of the variables is 
icin <é, 1<@. 

The parabolic cylinder functions defined by Eq. 
(3.14) satisfy the well-known generating relation, 


exp(—S8/2+s2—a/4) = 9 (1/n! va)" (A1.1) 


Let 
x=[8/(b+b-) HE 


y=[8/(b+-5-) Pn. 


With o(&, ») given by Eq. (3.11), the integral 


[0 expley—y"/4)dn—(A12) 


may be explicitly evaluated in terms of x and s. If the 
resulting expression is then written as an infinite series 
by application of Eq. (A1.1), it is found that the 


7C. S. Wang Chang and G. E. Uhlenbeck, Report CM-681, 
Project NOrd 7924, University of Michigan (1951). The author 
is grateful to Prof. J. S. Dahler for having informed him of this 
earlier result. 


integral (A1.2) is equal to 
wi[(1+0*)4/(1+5) ] 

Xexp(st/2) 2 (1/m!Wa()[(O—1)s/(0+1) F- 
On the other hand, by direct application of Eq. (A1.1) 


to the integrand in (A1.2), it is seen that the integral 
may also be written as 


exp(st/2)55(1/nt)s" [” o(&, n)¥a()dr. 
n= —0 


By equating coefficients of equal powers of s in these 
two series, it is established that 


f 2 o(&, 2) xn(n)dn=onxn(€), 


where o,, and xn(£) are as given in Eq. (3.13). 


APPENDIX II 


Here, the uncontracted kernel k( J, M, K; J’, M’, K’) 
for the three-dimensional problem will be quoted, but 
not derived. By continuing to use the abbreviation 
b=I/ma’, and letting 


A=JJ'(1+b)?Z/2rbIkT 
B=[(6—1) J?— (6+1) J’*)/4b1kT 
C= (b—b") /8IkT, 
the kernel may be written 
k(J, M, K; J’, M’, K’) 
expl —CA?+ F(A F(A 
= set sai Gate FN LF,, 


where the functions F, G;, G: of the integration variable 
A, and the range of integration ®, are defined as fol- 
lows: 


F(A) =[—2(J?— J)?/A*— 44°43 (2+ J?) V/4bTkT 
G,(A) = (A?— A;’) (A2— A’) 
G2(A) = (A?— A;) (A?— A’), 





the constants A;(i=1, 2, 3, 4) being the positive square 
roots of 


At=[(J*—K*)!— (J9—K")"P+ (K-K’)? 
Ag=[( 2K) (J9—K)\ P+ (K-K’)? 
Ag=[(J*—M?)'— (J*—M")"P+ (M—M)? 
Ag=[( SM) (J?—M)¥ P+ (M—M’)?, 
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The range of integration & is 
max(A;, As) <A<min(Ag, Ay). 
This range may have no extent, i.e., the initial state 
J, M, K and the final state J’, M’, K’ may be such 
that max(A, A3)>min(Ag, As). For such pairs of states, 
k( J, M, K; J’, M’, K’)=0. 

With the equilibrium distribution function given by 
Eq. (4.2), it is seen that the transition probability 
quoted here satisfies detailed balance in the form of 
Eq. (2.4). It is also symmetric with respect to the 


external and internal components of angular mo- 
mentum, M and K: 


k( J, M, K; J’, M’, K')=k(J, K, M; J’, K’, M’). 


APPENDIX III 

The contracted transition kernel k(J, J’) will here 
be derived from Eqs. (4.6), (4.7), and (4.8). 

In Eq. (4.7), first fix r and integrate over p. The p 
integration is performed by first writing 
—p=a(r/a)+6[(rXJ)/| rxJ |] 

+r[rX (rXJ)/a| rx J |] 
so that a, 8, y are the variable components of —p in a 
rectangular coordinate system defined by r and J. 
_The range of p is the half-space — p- r>0, so the ranges 
of the integration variables a, 8, y are 
0<a<a 
—xn<Bca 
—n<Y< Oe, 


The integrations over a and y-can then be carried out, 
with the result that 


RJ, y)=Ae*| exp[mC(r-J)*] 





r exp[C (I—ma?) | rx J | 8] 


nn (@—-B)(—B)P 


(r-J)?*<a@J” 
where 


A= (I+ma’)? J'Z/162?ma‘ kT 
B=[ (1+ ma’)? J?— (I— ma?*)? J? |/8maPkT 
C= (2maIkT)—; 
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where now, as indicated, the integration over r is 
limited to that portion of the spherical surface for which 
(r-J)*<a*J’; and where @ is limited to the range 
Bi<B<Be, the quantities 6, and #: being, respectively, 
the smaller and larger of the two numbers 


—[(1—ma*) /2Ia*] | rx JI | +[(1+ma?*) /2Ia"] 
[a2 s"2—(r- J)? }. 


The integral over 6 can now be evaluated® in terms of a 


Bessel function of imaginary argument and zero 
order, Jo. 


It remains to carry out the integration over r. Let 
do=(a/J)d(r-J)dq, 


where @ is an azimuthal angle of rotation about J. 
Then, the integration over ¢ is trivial, and k(J, J’) is 
left expressed as a single integral, with r-J the inte- 
gration variable. With the definitions of Eqs. (4.9) 
and (4.10), and the new integration variable ‘= 
(6+6-)!r- J/2a(27kT)', the final result is 


(+o4)? 2 
(b-+b-)* (SIRT)! 





k(J, J')= (n/€) 


Xexpl— (+n?) +2(?—1?)/(b+5-) JO, 
where Q is the integral 
in(E, ») 


Q= 


—m in(é, ) 


exp(2A)1d 27 (2A) ¢—#)) a 


APPENDIX IV 


It will be shown here that the eigenfunctions and 
eigenvalues of the kernel o(£, 7) in Eq. (4.12), are 
given by Eq. (4.14). The range of the variables is 
0<E,n< 0m. 

The parabolic cylinder function y,(x) defined in Eq. 
(3.14) may be written as the product of exp(—x*/4) 
with a Hermite polynomial in x of degree n. Thus, 


voua(2) =exp(—a4/4) 2D fa™ (AIV.1) 


with the appropriate coefficients f,. Then, after applying 
Eq. (AIV.1), the integral 


“o(€, n)Wonss{[8/(b-+5~) Pa}dn  (AIV.2) 


may be evaluated in the following way: (i) The kernel is 
itself defined as an integral over ¢ in Eq. (4.12), so 


8 Reference 5, p. 79, Eq. (9). 
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(AIV.2) is a double integral over ¢ and 7; make the 
change of variable 


(?—fP)i=n 


(7?— Fe ) t= T2y 
so that 


Lr rain f' ++ (@—72)4yredrdn. 


(ii) Apply the binomial theorem to the integral powers 
of (r?-+#—7;?), which appear in the integrand, ex- 
pressing them in terms of powers of 7.” and of (#—7,’). 
(iii) Carry out the integration over 7. by means of 
Hankel’s formula (to which Kummer’s first transfor- 
mation has been applied).® (iv) Integrate over 7. 

As the result of these operations, it is found that the 
integral (AIV.2) becomes 


exp(—3*/4)2 De fe,  (ATV.3) 


where x=[8/(b+-b-') }é, where the coefficients f, are 


* Reference 5, p. 394, Eq. (3). 
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the same as in Eq. (AIV.1), and where g, is itself a 
complicated double summation over indices p and p: 


bt... 


But only a factor (p—yv)! in the summand of Eq. 
(AIV.4) couples the two indices p and v. The two sums 
may then be uncoupled by writing 


(AIV.4) 


(o—») = [1 (o+4)/P +4) ] f 'g-(1—s) ds 


and then summing before integrating. Each summation 
can be performed separately, with the result that 


a SA PS kidlit § 
earned, [apa | 


independently of u. That g, is independent of yu is the 
crucial point, and it then follows that 


I athaaadernadl 


where xn(#) and o, are as given in Eq. (4.14). 
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Proton Magnetic Resonance Study of the Structure of Barium Chloride Dihydrate* 


A. A. Strvint AND J. W. McGratuH 
Department of Physics, Kent State University, Kent, Ohio 
(Received September 25, 1959) 


The proton magnetic resonance absorption spectrum of barium chloride dihydrate has been obtained 
experimentally at room temperature using a Pound-Watkins spectrometer. The results indicate that there 
are four pairs of p-p directions in the crystal. The ~-p distance and direction angles of these four pairs are: 
1.58 A, ap=90°, Bo=58°, vyo= 148°; 1.58 A, ao=90°, Bo =58°, yo=32°; 1.59A, ao= 148°, Bo=58°, yo=90°; 
1.57 A, ao=32°, Bo=58°, yo=90°. The experimental error for the p-p distance is +0.02 A and for the di- 
rection angles it is +4°. By using experimental data, x-ray analysis, and the concept of hydrogen bonding 


the positions of the hydrogen atoms were determined. 





INTRODUCTION 


HE determination of the crystal structure of 

barium chloride dihydrate by x-rays was first 
attempted by Naray-Szabo and Sasvari.! A difficulty 
in determining its complete structure was due to the 
fact that the barium atom contains so many electrons 
that it tended to obscure the chlorine and oxygen 
atoms. Jensen? was successful in completing the study. 
BaCl,:2H,0 crystals are monoclinic with space group 
Cy 5(P2,/n). There are four molecules per unit cell. 
The location of the hydrogen atoms of the water mole- 
cules could not be determined by x-ray studies. Jensen 
assumed that the water molecules link two Ba atoms 
at distances of about 2.85 A and also make two distinct 
contacts with Cl atoms. To locate the hydrogens in 
this crystal, a proton magnetic resonance study was 
made using the Pake® technique. 


EXPERIMENT 


The experimental equipment was the same as that 
described elsewhere‘ with the following new param- 





Fic. 1. Pake curves for barium chloride rotated about the 
c axis. The solid curves are a plot of Eq. (1). For curves A and B: 
2a=10.7 g, ¢o=90° and 6=58.7°. For curve C: 2a=10.4 g, 
¢0=31.5° and 6=0°; for curve D: 2a=10.8 g, ¢9>=—31.7° and 
5=0°. The experimental points are represented as follows: Circles, 
curve he triangles, curve B; squares, curve C; filled circles, 
curve D. 


* Partially supported by the U. S. Air Force through the Air 
Force Office of Scientific Research under Contract AF 49(638)- 
168. 

1 St. v. Naray-Szabo and K. Sasvari, Z. Krist. A97, 235 (1937). 

2 A. Tovborg Jensen, Kgl. Danske Videnskab. Selskab. Mat.- 
fys. Medd. 22, No. 3 (1945). 

3G. E. Pake, J. Chem. Phys. 16, 327 (1948). 

4A. A. Silvidi and J. W. McGrath, J. Chem. Phys. 30, 1028 
(1959). 

5 McGrath, Silvidi, and Carroll, J. Chem. Phys. 31, 1444 (1959). 


eters: rf=27.00 Mcps, H)=6341 gauss, modulation 
amplitude=0.75 gauss, sweep speed=0.02021 gauss/ 
sec. 

The crystals were grown in this laboratory and cut so 
that the largest crystals could be mounted in the rf 
coil. Two crystals were used; one was rotated about the 
a axis, the other about the c axis. The measurements 
were made at room temperature. 

If the proton pairs exhibit only dipole-dipole interac- 
tion the line pair separation, AH in gauss, is related to 
the orientation of the crystal by the formula® 


AH = 2a[3 cos*(¢+¢0) cos*5— 1], (1) 


where 2a=3y/r*, w is the proton magnetic moment, 
r is the proton-proton separation, ¢ is the angle be- 
tween the external magnetic field Ho and a reference 
axis attached to the crystal that is in the plane of crystal 
rotation, ¢ is the angle between the projection of the 
p—p line onto the plane of rotation and the reference 
axis in the crystal, and 6 is the angle between the p— p 
line and the plane of rotation. Measuring AH for several] 
¢’s allows one to compute 7, do, and 6. 


RESULTS 


Figure 1 shows the Pake curves for the c-axis case. 
The method of obtaining and analyzing these curves is 
described elsewhere.** There are a few experimental 
points which miss the theoretical curves quite badly. 
This may have been due to the fact that the derivative 
curves showed some evidence of saturation. To correct 
for this effect during the analysis of the absorption 
curves, an appropriately amplitude-varied standard 
curve‘ was used. In spite of this, for a few angles, the 
resolution of the absorption curve was not good. There 
are eight water molecules per unit cell of BaCl,-2H,O 
but Fig. 1 shows that there are four pairs of p—p 
directions in the crystal. These will be labeled A, B, C, 
and D. The Pake curves for the a-axis case are not 
shown since they are very similar to those in Fig. 1. 
The differences between the curves of the a-axis case 
and the c-axis case will now be described. The curve in 
Fig. 1, which resulted from pair D, is now caused by 
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TABLE I. Values of ¢o and 6 for the Pake curves. 











c axis a axis 


Proton pairs 








pair A (when rotating about the a axis). Similarly, the 
curve which resulted from pair C is now caused by pair 
B; the curve which resulted from pair A is now caused 
by pair C; and the curve which resulted from pair B 
is now caused by pair D. Fortunately, this interchange 
of Pake curves allowed us to use pairs C and D of the 
c-axis case and pairs A and B of the a-axis case for 
determining the p—p distances and orientations.{The 
curves from the remaining pairs, A and B from the c- 
axis and C and D from the a-axis, were not as accurate. 
Table I lists values of 9 and 6 for all cases. 

The data (minimum AH, ¢o, and 4) of the c-axis and 
a-axis cases yield values for p—p separations and 
direction angles (measured with respect to the positive 
crystallographic axes) of the p—p vectors that are 
given in Table II. The experimental error for the p— p 
distances is +0.02 A and for the direction angles it is 
+4°, 

DISCUSSION 


Knowledge of the orientations of the p— p vectors 
from the magnetic resonance experiment, the positions 
of the chlorine and oxygen atoms from the x-ray analy- 
sis and the normal H—O—H water angle allowed the 
location of the hydrogen atoms in the crystal.‘ Figures 
2 and 3 are projections of the BaCl,-2H;0 crystal struc- 
ture with the hydrogen atoms in positions to satisfy 
the requirements. 

Table III lists the calculated bond distances and the 
calculated direction angles of the p—p vectors when 
they are placed as in Figs. 2 and 3. The agreement 
between the calculated and experimental orientations 
is very good. The H—O—H angle is larger than the 
accepted 108° value. It must be noted that the calcula- 
tions were based on an assumption of straight hydrogen 
bonds. For some hydrates it has been noted that the 
hydrogen bonds are bent. For this crystal the hydrogen 
bonds could be bent inward to make the normal 108° 


TABLE II. Experimental results for barium chloride dihydrate. 





Proton pairs 
B Cc 





p-p distances in A 
Direction 
angles 








b 











‘“XCHLORINE = OOXYGEN 
@ BARIUM H HYDROGEN 


Fic. 2. Projection of the barium chloride structure in the a-b 
plane. 


H—O—H angle and the direction angles would not be 
changed so that this situation may exist. 
The hydrogens form bonds in two distinct ways: 
Cl,;—H-0,;-H—Cly and Cl;—H-0;,-H—O,. 


The bond distance for the CI—H-O bond is consistent 
with the sum of ionic radii. For example, the ionic 


b 














<_} CHLORINE 
@ BARIUM 


© OXYGEN 
H HYDROGEN 


Poe 3. Projection of the barium chloride structure in the b-c 
plane. 
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Tas.e III. Comparisons of results for barium chloride dihydrate. 








Bond distance 
in Angstroms 


H—O—H 
angle 


Experimental 
values from 
Table II 


Calculated 
values 


Direction 
angles 





Ch—Oy 
On—O; 
Ch—On 
On—O; 
Cl—O; 
0O;—Cly 
Cly—O; 
0O;—Cln 


3.36 


3.25 
3.36 


3.25 
3.57 


3.20 
3.57 


3.20 


111°35’ 


111°39’ 


119°40’ 


119°44’ 


a 89°49’ 90° 
Bo 58°10’ 58 
ae 148°8’ 148 


ao 90°12’ 
Bo 58°12’ 
Yo 31°56’ 


a 144°48’ 
Bo 54°45’ 
Yo 89°26’ 


a 35°12’ 
Bo 54°45’ 
Yo 90°34’ 








radius sum for the O—H-O bond‘ is 2.80 A. The experi- 
mentally measured’ bond distances vary from 2.44 to 
3.36 A. The sum of ionic radii for the CI—H-O bond 
is 3.21 A and the bond distances in Table III for this 
bond vary from 3.20 to 3.57 A. The bond O;;-H—O,; 
with a distance of 3.25 A, may seem a little large since 
the only other larger reported value of 3.36 A is given 
by Ernst.’ However, it must be pointed out that O, 


®L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1940), p. 346. 

7 Nakamoto, Margoshes, and Rundle, J. Am. Chem. Soc. 77, 
6480 (1955). 

8 T. Ernst, Z. physik. Chem. B20, 65 (1933). 


forms a peculiar complex in that there are three hydro- 
gens surrounding it (see Figs. 2 and 3). This has been 
noted before.5 


CONCLUSION 


This proton magnetic resonance study of barium 
chloride dihydrate shows that there are four proton- 
proton orientations in this crystal. The p— p distances 
and direction angles are given in Table IT. 

The experimental data, together with the existing 
x-ray structure information and the hydrogen bond 
concept, indicate that the location of hydrogen atoms 
is that shown in Figs. 2 and 3. 
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Infrared Detection of the Formyl Radical HCO 
GeorcE E. Ewinc, WARREN E. THOMPSON, AND GEORGE C. PIMENTEL 
Department of Chemistry, University of California, Berkeley, California 
(Received October 19, 1959) 


The photolysis of HI, DI, HBr, and DBr suspended in solid CO at 20°K is described. The formy] radical, 


HCO or DCO, is 


produced, as shown by broad absorptions in the visible spectral region (6695, 6352, 6052, 


5789, 5548, 5330, 5102 A) which correspond to absorptions of gaseous HCO. Infrared absorptions of HCO 
(at 1860 and 1091 cm™) and of DCO (at 1860 and 856 cm") provide a basis for discussing the chemical bond- 
ing of this free radical, and for calculating its thermodynamic properties. 

These experiments, the first infrared detection of a triatomic free radical by the matrix isolation method, 
depend upon reactivity of the matrix, possibly eliminating difficulties of the cage effect. 





ERZBERG and Ramsay’ have detected the formyl 
radical, HCO, by its absorption in the visible 
spectral region. These authors, who reviewed earlier, 
less definite identifications of HCO, deduced its struc- 
tural parameters in the ground and excited states. More 
recently, Johns and Ramsay’ have been able to fix one 
of the vibrational frequencies of the ground state, 
viz., the bending mode. Since this analysis is based on 
“hot” bands, the prospect of learning the other two 
vibrational frequencies in a similar fashion is not 
promising. 

Formyl has not been detected previously in the 
infrared region. This statement seems almost unneces- 
sary since, with the possible exception of NH,', the 
only triatomic free radicals observed in the infrared 
region are reasonably stable (e.g., NO2, ClO,). A com- 
plete vibrational analysis for HCO would permit calcu- 
lation of its thermodynamic properties, it would 
clarify further the structure (the arrangement HOC 
is not yet completely excluded!), and it would add to 
our knowledge of the chemical bonding in free radicals. 

This paper presents the results of photolysis of HI, 
DI, HBr, and DBr, each in a solid carbon monoxide 
matrix. Thus these experiments differ from the usual 
inert matrix isolation methods: the matrix was deliber- 
ately selected to be a reactant. 


EXPERIMENTAL 


The hydrogen halide gas was mixed with carbon 
monoxide gas in a mole ratio between 400 and 600 
(moles CO/moles hydrogen halide). Between 15 and 30 
mM of this gas mixture were deposited over a period of 
six to ten hours onto a CsBr window held at 20°K. 
The optical path of the cold cell* was fitted with one 
KBr and one BaF; external window. The latter served 
as a photolysis window. 


1G. Herz and D. A. Ramsay, Proc. Roy. Soc. (London) 
se 34 (1955). 


Ww. C. Johns and D. Becca Pa; 

Mobs Structure and Spec 

i Columbus, Ohio, June 15-19, 1959. 
C. Lord and C. H. Sederholm, Spectrochim. Acta (to be 

published 


). 
‘E. D. Becker and G. C. Pimentel, J. Chem. Phys. 25, 224 
(1956). 
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After deposition of the sample, an infrared spectrum 
was recorded. Then the sample was irradiated with the 
light from a medium pressure mercury arc (G.E. 
AH4) focused on the CsBr window with a fused quartz 
lens. Again spectra were recorded, both in the infrared 
and visible spectral regions. The liquid ‘ hydrogen 
coolant was then removed from the cold cell and the 
sample warmed slowly. When the temperature of the 
support window reached 45°K, liquid hydrogen was 
transferred into the cold cell to recool the sample to 
20°K. This operation, called a “diffusion operation,” 
permits diffusion and possibly reaction of the molecules 
isolated in the matrix. 

Infrared spectra were recorded with a Perkin- 
Elmer Model 21 Spectrophotometer equipped with 
sodium chloride optics. Frequency accuracy is estimated 
to be +30, +20, and +10 cm™ at, respectively, 3000, 
2000, and 1000 cm™. In the visible spectral region 
spectra were recorded with a Cary Model 14 Spectro- 
photometer. The wavelength uncertainty, +10 A, was 
fixed by the breadth of the diffuse features recorded. 


RESULTS 


Each of the halides HI, DI, HBr, and DBr was 
photolyzed in solid CO at 20°K. Every experiment 
was performed at least twice except for the photolysis 
of DBr. The results of but one experiment of each type 
will be described in detail. 

Experiment I: pure CO.—Carbon monoxide (16 mM) 
was deposited at 20°K and the infrared spectrum was 
recorded. The absorption near 2150 cm™ is complex 
and will be the subject of a separate study. Rather weak 
absorptions at 1611 and 3710 cm™ are assigned to a 
trace of water, an absorption at 2350 cm™ is clearly 
due to CO,, and two weak bands at 2940 and 2860 
cm™ have not been identified. After this sample was 
irradiated for sixty minutes, another infrared spectrum 
revealed no changes in any of these bands and no new 
spectral features were detected. 

Experiment IT; HI in CO.—Carbon monoxide con- 
taining hydrogen iodide was deposited at 20°K and the 
infrared spectrum shown in Fig. 1 was recorded (dashed 
curve). The frequencies and intensities of the observed 
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Fic. 1. Experiment Il: Infrared spectrum of HI in solid CO. 
(M/R=440, T=20°K). Broken line: before photolysis; solid line: 
after 8 min photolysis; dotted line: after diffusion, 


bands are listed in Table I together with the presumed 
identities of the absorbing species. The absorption of 
HI (near 2230 cm™) is obscured by the absorption of 
the matrix. The presence of HBr is revealed by the band 
at 2507 cm™; this impurity was detected in varying 
amounts in each of the several experiments involving 
HI. Other trace impurities are water and CO,. A spec- 
trum recorded from 7000 to 4000 A showed no bands, 
only heavy scattering which varied from an optical 
density of 1.0 to 1.7 over this wavelength region. 

The sample was then irradiated for 8 min and the 
infrared spectrum shown in Fig. 1 (solid curve) was 
recorded. As shown in Table I, nine new features ap- 
peared. The band at 2350 cm™ is assigned to COs, and 
the three bands at 2870, 2800, and 1730 cm are 
assigned to formaldehyde. Since the last three bands 
are close in frequency and relative intensity to three of 
four bands observed in the spectrum of formaldehyde 
suspended in solid CO [2862 (0.01), 2791 (0.01), 
1739 (0.10), and 1497 (0.01) cm~"], there is little doubt 
in this assignment. The very weak band at 1760 cm 
is assigned to glyoxal since the most intense infrared 
absorption of gaseous glyoxal is found at 1730 cm75 
The very weak band at 1121 cm™ and the three promi- 
nent bands at 2493, 1860, and 1091 cm could not be 
assigned to stable species. 

In the visible region, a series of broad bands was 


TABLE I. Experiment II: Photolysis of hydrogen iodide in solid 
CO (T=20°K) (intensities =log///). 
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3710 0.01 H;0 
2507 0.03 HBr 
9 co 


H;0 


eo 
8oo0 
Noe 


2100-2250 © 
1611 


oO 
dR 


2870 
2800 
2493 
2350 
1860 
1760 
1730 
1121 
1091 


eeesse 


(CHO): 
H2CO 
(?) 
HCO 


ceocessss © 


MmOoDOoOHOSDSOO e%es 
eo 
&: B 


cososssss 9.99 
CornrFOoOnunre 





5H. W. Thompson, Trans. Faraday Soc. 36, 988 (1940). 
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recorded after photolysis. These are listed in the first 
column of Table II. 

After this spectral study, a diffusion operation was 
performed. An infrared spectrum then showed the 
partial loss of the bands of monomeric water and of 
the impurity HBr—evidence that diffusion had occurred 
during this “diffusion operation.” The bands assigned 
to formaldehyde and to CO, remained unchanged. In 
contrast, the three unassigned bands decreased in 
intensity by about a factor of two, behavior appropriate 
to a reactive species. 

Experiment III: DI in CO.—Carbon monoxide con- 
taining deuterium iodide was deposited at 20°K and 
the infrared spectrum recorded. The frequencies and 
intensities of the observed bands are shown in Table 
III. The absorptions at 1411 and 1188 cm™ are un- 
doubtedly due to HDO and D.O, respectively, and 
indicate the ratio of DI/(HI+DI) is in the range 
0.80 to 0.90 (presuming complete equilibration between 
water and the deuterium iodide). 


TABLE II. Absorption spectra in region 7000-4000 A. 








Band origins'* Upper vibra- Difference 


Expt. II tional state matrix—gas 





13 222.33 cm™ 


6695 A 14 937cm™ 14 758.00 
6352 15 743 (15 516.8) 
6052 16 523 16 269.59 
5789 17 274 (17 016.4) 
5548 18 025 17 757.34 
5330 18 762 (18 492.5) 
5102 19 600 19 221.75 


+175 cm 
+226 
+253 
+258 
+268 
+269 
+378 








® Parenthetical values are derived by quadratic interpolation. 


The sample was photolyzed for one minute, and a 
second infrared spectrum was recorded. This procedure 
was then repeated twice with additional photolysis 
periods of one minute and twenty minutes. The progres- 
sive reduction in intensity of the band at 1589 cm™ 
indicates the photolytic decomposition of DI. This 
loss of DI was accompanied by the growth of seven new 
spectral features, three of which appeared after the first 
photolysis. The band at 2350 cm is again assigned to 
CO, and the band at 1770 cm™ could be assigned to 
DBr from reaction with the CsBr window. Two of the 
bands observed in Experiment II were observed, 1860 
and 1091 cm= as well as two distinct new bands, 1940 
and 856 cm=, and one doubtful feature at 1100 cm“. 
A diffusion operation caused a reduction in intensity of 
all features except those of the matrix. 

Experiment IV: HBr in CO.—This experiment was 
similar to Expt. II, but the results, given in Table IV, 
are simpler. Only two of the spectral features observed 
after photolysis in Expt. II were detected, those at 1860 
and 1091 cm7. These bands disappeared with diffusion 
and a new band at 1124 cm™ appeared (note that the 
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Taste III. Experiment III: Photolysis of deuterium iodide in solid CO (T=20°K) (intensities =log/o/I). 
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* Spectrum not recorded in this region. 


region near 2493 cm™ was obscured in this experiment 
by the intense absorption of HBr). 

Experiment V: DBr in CO.—Table V shows the 
frequencies and intensities of the absorptions observed 
prior to photolysis. The relative intensities of the bands 
of HBr and DBr as well as those of the bands of HDO 
and D,O indicate the sample contained 75+5% 
deuterium. Since the two estimates agree, equilibration 
between water and DBr has occurred (which was as- 
sumed in Expt. III). 

Photolysis of this sample for 45 min caused only a 
slight decrease in the band at 2507 cm= (due to HBr) 
and no detectable change in the band at 1800 cm™ 
(due to DBr). Perhaps the fact that the ultraviolet 
absorption coefficient of DBr is significantly less than 
that of HBr* accounts for the absence of photolysis of 
DBr. 

This photolysis was accompanied by the growth of 
the two bands at 1860 and 1091 cm~ observed in Expts. 
II to IV. In addition, a very weak feature near 1940 
cm duplicates the absorption at this aeqenacy ob- 
served in Expt. III but not in II or IV. 


DISCUSSION 
Detection of Formyl Radicals 


Experiment II gives strong evidence that the photo- 
lysis of HI in solid CO at 20°K produces the formyl 
radical HCO. Four of the seven absorption features 
detected in the visible spectral region correspond well 
to the Q band heads recorded by Herzberg and Ramsay! 
for gaseous HCO. The other three features correspond 
equally well to the interpolated odd vibrational states 
(which were observed in the gas phase only through 
diffuse R branches'). The matrix frequencies exceed 
those of the gas phase band heads by a few hundred 
wave numbers, as shown in the last column of Table 
II.* These differences are less than half as large as 


6 Bates, Halford, and Anderson, J. Chem. Phys. 3, 531 (1935). 
* We have selected the correlation which gives the smallest 
matrix shifts. 


those reported by Norman and Porter’ for the CS radical 
in a hydrocarbon glass. Robinson and McCarty sum- 
marize their evidence on the shifts observed in argon 
matrices for five species: HNO, —57 cm; NHk, 
+25 cm; NO. +55-70 cm; NH, —165 cm"; 
OH, —300 cm (matrix frequency-gas frequency) .® 
The matrix shifts observed here are not abnormal and 
the one-to-one correspondence of the matrix bands to 
those of gaseous formy] leaves no doubt that the matrix 
species is the same. 

This detection of HCO is substantiated by the in- 
frared spectral features produced during the photolyses 
of Expts. II-IV. Clearly the band at 1091 cm~ is in an 
appropriate spectral region to be assigned to v3, the 
HCO bending mode (for example, compare the bending 
mode of HNO at 1110 cm™, as reported by Brown 
and Pimentel®). Furthermore, in Expt. III a new band 
was detected at 856 cm™ which is readily assigned as the 
bending mode of DCO. These assignments are in con- 
vincing agreement with the values deduced by Johns 
and Ramsay,? 1083 cm~! (HCO) and 847 cm (DCO). 


TaBLe IV. Experiment IV: Photolysis of hydrogen bromide in 
solid CO (T=20°K). 
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71. Norman and G. Porter, Proc. Roy. Soc. (London) A230, 
399 bap og 
G. W. Robinson and M. McCarty, Jr., J. Chem. Phys. 28, 
350 (1958). 
(1938). W. Brown and G. C. Pimentel, J. Chem. Phys. 29, 883 
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TABLE V. Experiment V: Photolysis of deuterium bromide in 
solid CO (T=20°K). 





Before After 45 min 


v(cm~) photolysis photolysis Assignment 
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Without doubt, these infrared absorptions and the 
electronic transitions listed in Table II show that the 
formyl radical has been produced in the solid carbon 
monoxide matrix. This is the first firmly established 
infrared detection of a triatomic free radical by the 
matrix isolation method. 


Vibrational Frequencies of the Formyl Radical 


In addition to the bending mode, formyl has two 
stretching modes. One of these, the carbonyl stretching 
mode v2 is expected in the spectral region near 6 uw. A 
suitable band is listed in Tables I and IV, the band 
at 1860 cm™. This band is produced both from HI 
and HBr with approximately the same intensity rela- 
tive to the HCO band at 1091 cm™. This band is also 
detected in Expts. III and IV, but with higher relative 
intensity. Thus we are led to assign this same band 
as ve of DCO. The absence of a detectable deuterium 
isotope effect in v2 is in reasonable accord with the ab- 
sorptions of HNO and DNO, for which this mode 
differs by 10 cm™ or less.® Another convincing example 
is provided by the a excited state of HCN. Herzberg 
ard Innes” find that the C—N stretching modes of the 
a states of HCN and DCN are the same, 1506 cm“, 
within their experimental uncertainty. 

The assignment of » is less clear. In Expt. II there 
is a band at 2493 cm which could be assigned to this 
C—H stretching mode, although this frequency is 
much lower than expected on the basis of comparison 
to stable molecules. In Expts. III and V a new band 
appears at 1940 cm™ which could be assigned as the 
deuterated counterpart. However, there are strong 
objections to these assignments. Probably the most 


Taste VI. Structural parameters of the ground state of the 
gaseous formyl] radical (after Herzberg and Ramsay’). 





r(C—H) =r(C—D) =1.08 A (assumed) 
r(C=O)=1.20A 
ZHCO=119° 30’ 
v3(HCO) =1083 cm 
v3(DCO) = 847 cm™ 








10 G. Herzberg and K. K. Innes, Can. J. Phys. 35, 842 (1957). 
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Taste VII. Normal coordinate analysis for the formyl radical. 





Calc. Exptl. 





ve(HCO) 
v3(HCO) 
k(C=0) 
k(HCO) 
v2(DCO) 
v3(DCO) 


(1860 cm) 
13-89-10" dynes/ 
.89- lynes/cm 
0.679-10-" dyne-cm 
1849cm | 
839 cm=! 


1860 cm 
1091 cm= 


1860 cm=! 
856 cm 





direct is the intensity of the band at 1940 cm™ relative 
to those of the bands at 856 and 1860 cm™ in Expt. 
III. The band at 1940 cm™ seems to grow more rapidly 
during photolysis and disappear more slowly during 
diffusion than either of the other two bands, the dis- 
crepancies in behavior being apparently beyond the 
uncertainty in the photometry. Furthermore, it would 
be difficult to rationalize the absence of an isotope 
shift in the », band at 1860 cm if », were at 1940 cm. 
Though the assignment of the bands 2493 and 1940 
cm™ as », of HCO and DCO is not definitely ruled out, 
we regard it to be improbable. We presume that » 
for HCO is near 3000 cm™ and it was not observed 
because of the characteristically low absorption coeffi- 
cients of C—H stretching modes. The bands at 2493 
and 1940 cm™ remain unassigned. 

The assignments of v2 and »; provide a basis for nor- 
mal coordinate analysis. If » is indeed near 3000 cm—, 
it is a reasonable approximation to reduce the order of 
the G matrix in the usual way. The required structural 
parameters of the ground state of HCO have been given 
by Herzberg and Ramsay! and are shown in Table VI. 
Assuming these parameters are applicable to this species 
in the matrix, we can substitute the frequencies assigned 
to HCO into the secular determinant and determine 


© co 
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Fic. 2. Force constant vs bond length for C—O bonds. Refer- 
ences: CO, CO+: G. Herzberg, Molecular Spectra and Molecular 
Structure (D. Van Nostrand Company, Inc., Princeton, New 
Jersey, 1950); COz, COs": G. Herzberg, Infrared and Raman 
Spectra of Polyatomic Molecules (D. Van Nostrand Company, 
Inc., Princeton, New Jersey, 1945), and Tables of Interatomic 
Distances and Configuration in Molecules and Ions (The Chemical 
Society, London, 1958); HyCO: E. Ebers and H. Nielson, J. Chem. 
Phys. 6, 311 (1938) and reference b, Table VIII. 
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two force constants. These constants permit calculation 
of the corresponding frequencies of DCO. The results 


are shown in Table VII. Though the two frequencies . 


assigned to HCO lead to two sets of force constants, 
only one set is acceptable. The second pair, 5.11-10+ 
dynes/cm and 1.85-10-" dyne-cm, give calculated 
frequencies for DCO of 1440 and 1105 cm~, in serious 
disagreement with experiment. 


Bonding in the Formy! Radical 


The carbon-oxygen bond length and stretching fre- 
quency of formyl can be compared to those of stable 
molecules. Layton, Kross, and Fassel! plotted C—O 
bond length vs frequency for about fifty compounds 
and deduced a correlating curve. This curve suggests 
that a bond length of 1.20 A corresponds to a C—O 
stretching frequency of 1800 cm™. The observed fre- 
quency 1860 cm™ differs from this prediction by an 
amount within the scatter of the data defining the 
curve of Layton ef al. — 

A more meaningful comparison is to be found in the 
bond length-force constant correlation. Figure 2 shows a 
plot based on well-known molecules. Again the datum 
point for HCO agrees reasonably well with the smooth 
curve based on the data for stable molecules. The 
carbon-oxygen bond of formyl] is thus found to be a 
somewhat stronger bond than that of formaldehyde. 
This shows that the formyl radical has the expected 
structure 


H—C 


\ 
O 


and not the unlikely but possible! alternate structure, 


H—O 


na 
C. 


An interesting comparison is found in the force con- 
stants and structural parameters of HCO, H,CO, and 
HNO. As seen in Table VIII, formyl resembles formal- 
dehyde more nearly than does nitroxyl, though nitroxyl 


Taste VIII. Structural parameters of molecules resembling the 
formy] radical. 





HNO HCO HCO 





No. valence electrons 12 11 12 

108° 1207 125° 48’> 

1.23 A 1.20A 1.23 A 

10.59 13.9 12.3 

0.679 0.68 HCO 0.83 
HCH 0.38 


k(HXO) -10* 





* F. W. Dalby, Can. J. Phys. 36, 1336 (1958). 
> Davidson, Stoicheff, and Bernstein, J. Chem. Phys. 22, 289 (1954). 


1 Layton, Kross, and Fassel, J. Chem. Phys. 25, 135 (1956). 
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TaBLe IX. Thermodynamic properties of HCO (cal/deg-mole). 
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is isoelectronic with formaldehyde. Formy] retains the 
angular arrangement appropriate to sp? hybridization 
and the carbon-oxygen bond is slightly stronger than 
that of formaldehyde. Nitroxyl, on the other hand, 
has approximately the angle of sp* hybridization and 
the N—O bond is slightly weaker than a normal 
double bond (e.g., compare the N—O bond of nitrous 
acid, 1.20A).” 

The bonding of HCO has been discussed by Walsh” 
in terms of a bond angle correlation diagram and by 
Linnett" in somewhat greater detail. From the correla- 
tion diagram, the expected symmetry of the ground 
state is *A’. However, the spectroscopic data of Herz- 
berg and Ramsay’ lead them to suggest that the lower 
state of the observed electronic transition is more 
probably 2A’. There remains the question of whether 
the electronic transition involves the ground state. 
We feel that the observation of this same transition 
with a sample at 20°K (in the present work) supports 
the belief that the lower state is indeed the ground 
state. Hence there seems to be a conflict in the two 
deductions concerning the symmetry of the ground 
state of HCO. 


Thermodynamic Properties of the Formyl Radical 


The vibrational frequencies and moments of inertia 
of HCO provide a basis for calculation of its thermo- 
dynamic properties.“ The structural parameters given 
in Table VI give a product of the three moments of 


12 Jones, Badger, and Moore, J. Chem. Phys. 19, 1599 (1951). 

183A. D. Walsh, J. Chem. Soc. 1953, 2288. 

“J. W. Linnett, Can. J. Chem. 36, 24 (1958). 

% Ribaud has estimated thermodynamic oa gp for both 
HCO and HOC (G. Ribaud, Publ. sci. et . ministére air 
(France) No. 266, 143 (1952) 7]. Presumably these values are based 
upon guesses of the structure and the vibrational frequencies. The 
frequencies are not specified. A tly the vibrational con- 
tributions to the free energy and to the entropy were omitted, 
presumably unintentionally. 
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inertia equal to 4.73-10-"® g’—cm®. Our calculations 
are based on the frequencies 3000, 1860, and 1083 
cm using the harmonic oscillator approximation. 


The first frequency is our guess of », 1860 cm™ is taken © 


from the present work, and 1083 cm is the value of 7; 
deduced by Johns and Ramsay.? The results are col- 
lected in Table IX. The free energy function would be 
changed by +-0.08 cal/deg mole at 1500°K if » were as 
low as 2490 cm™ and the entropy by +0.21 eu at this 
same temperature. At 300°K, the changes would be 
negligible. 
Reaction H+CO =HCO 


The reaction of H atoms with carbon monoxide in 
the gas phase can be induced by mercury photosensit- 
ized decomposition of Hp.!* The direct reaction of H 
atoms with CO was postulated although Farkas and 
Sachsse proposed a third body is necessary. Of more 
direct relation to the present work are the experiments 
of Geib and Harteck.” These workers mixed hydrogen 
atoms (from a discharge tube) with carbon monoxide 
at 83°K. No reaction was detected (chemical methods 
were used). Since reaction is obtained under the photo- 
lytic matrix conditions, the result of Geib and Harteck 
could be attributed to an appreciable activation energy 
for the reaction of H atoms with CO or to destruction 
of HCO by H atoms to give H, and CO. 

It may be added that the conditions under which 
HCO was prepared in the present work might be ap- 
proximated in certain astrophysical phenomena. For 
example, H atoms could react with CO in the inter- 
stellar dust particles and in comets.” 

16 H. S. Taylor and A. L. Marshall, J. Phys. Chem. 29, 1140 
(1925). 


7 W. Frankenberger ef al., Z. Elektrochem. 36, 757 (1930). 
| 18 > Barak and H. S. Taylor, Trans. Faraday Soc. 28, 569 
1932). 
19 L. Farkas and H. Sachsse, Z. physik. Chem. B27, 111 (1934). 
20K. H. Geib and P. Harteck, Ber. 66B, 1815-1825 (1933). 
21 G. Herzberg, Mem. soc. roy. sci. Liége 15, 291 (1955). 
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CONCLUSIONS 


The spectroscopic evidence provides a conclusive 
identification of the formyl radical in these matrix 
experiments. Since the matrix electronic absorptions 
are the same as those observed in the gas phase photo- 
lysis experiments,! this work shows that the absorption 
spectrum observed by Herzberg and Ramsay definitely 
involves the ground state. The infrared absorptions 
provide detailed information about the bonding in this 
free radical and a basis for calculation of its thermo- 
dynamic functions. 

This work provides the first positive infrared identi- 
fication of a triatomic free radical by use of the matrix 
isolation method (excepting, of course, NO.). The 
technique differs in character from that used in earlier 
experiments in this laboratory; the matrix is selected 
because of its potential reactivity with the photolysis 
products rather than because of its inertness. This is 
similar to the experimental method used by Ingram 
and co-workers. These workers produce free radicals 
by photolysis of H,O, with the intent of inducing hydro- 
gen abstraction from various matrices (using the elec- 
tron spin resonance detection method). We feel the 
reactive matrix method constitutes an effective way of 


circumventing the inhibition of photolysis by the cage 
effect. 


ACKNOWLEDGMENT 


We would like to thank Dr. Bruce Mahan for many 
helpful discussions concerning this work. Grateful 
appreciation is expressed for research support by the 
American Petroleum Institute Research Project 54 
and the United States Air Force through the AFOSR 
of the Air Research and Development Command, under 
Contract No. 49(638)-1. 


# For a summary, see M. Fujimoto and D. J. E. Ingram, Trans. 
Faraday Soc. 54, 1304 (1958). 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 32, NUMBER 3 MARCH, 1960 


Correlation of Rates of Intramolecular Tunneling Processes, with Application to 
Some Group V Compounds 


R. STEPHEN BERRY 
Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 
(Received October 19, 1959) 


A method is presented whereby the WKB expression for tunneling frequencies permits correlation of 
these frequencies for members of homologous series of molecules. The necessary data required are the tun- 
neling rate for one member of the series, and structural parameters and vibrational frequencies for all 
members of interest. The method is applied to ND;, NF3, PHs, and AsHs, using NH; as the molecule whose 
frequency is known. The method also is used to support the hypothesis that pseudorotation occurs in the 


trigonal bipyramids PF; and PC1;. 





I. INTRODUCTION 


HE study of intramolecular tunneling motions has 

focused on the evaluation of two characteristic 
quantities: the energy level splittings or tunneling 
frequencies, on one hand, and the heights of energy 
barriers inhibiting internal motions, on the other. 
Barrier heights have been examined extensively! 
because they are sensitive parameters and easily under- 
stood whenever the shape of a barrier is well established. 
And in the class of molecules for which barriers are best 
known, the barrier shape is well represented by a cosine 
function.? In contrast, there are many systems which 
can exhibit intramolecular tunneling for which the 
barrier shape is not well established, and, in fact, for 
which tunneling may have been observed for but one or 
two members of a large series. When one is faced with 
such a situation, it is more useful to be able to estimate 
the tunneling frequency than to try to evaluate a 
barrier height. First, the tunneling frequency or energy- 
level splitting is often directly observable; second, the 
barrier height is meaningful only if the form of the 
potential-energy surface is known. With relatively exact 
data regarding the energy-level separations, one 
can try to investigate the shape of the potential in 
detail. Without such information, the barrier height 
itself gives very little information about the observable 
properties and dynamical behavior of a molecule. 
It therefore becomes useful to be able to estimate tun- 
neling frequencies by some process which does not de- 
pend in any critical way on exact shapes or heights of 
potential barriers. 

The ensuing discussion develops a method for 
estimating tunneling frequencies for members of a 
homologous series of compounds. The motivation for 
this treatment is twofold. First, hopefully, it will pro- 
vide a semiquantitative method whose accuracy is 
sufficient to allow one to select the appropriate experi- 
mental technique for determining any desired tunneling 
frequency in the laboratory. It should enable one, for 
example, to choose between infrared, microwave, and 


1 For a review of recent results, see E. B. Wilson, Proc. Natl. 
Acad. Sci. U. S. 43, 816 (1957). 


338) R. Herschbach and J. D. Swalen, J. Chem. Phys. 29, 761 
1958). 


radio-frequency spectroscopy as possible tools for deter- 
mining a given tunneling rate. Second, the method is 
used to develop a possible interpretation of the ob- 
served behavior of PF; and PC\;, an interpretation 
based on the hypothesis that internal tunneling occurs 
in these molecules. 

In Sec. II, a general treatment is developed in which 
one obtains tunneling frequencies for any member of a 
homologous series if the appropriate frequency is 
known for a single member. The method, based on the 
Dennison-Uhlenbeck formulation of the WKB ap- 
proach,’ uses as its primary data the structural param- 
eters and vibration frequencies of the various molecules 
under consideration. Section III is devoted to the 
application of the method to the pyramidal molecules 
ND;, NF;, PHs, and AsH;; NH; is taken as the molecule 
whose tunneling frequency is known. This application 
provides a basis from which one can assess the accuracy 
of the method and determine which of several possible 
approximations is most appropriate. Finally, Sec. IV 
contains a discussion of the possibility of internal 
motion in PF; and PC, with an attempt to reconcile 
the available experimental results for these two mole- 
cules. 


II. GENERAL FORMULATION 


An expression for the tunneling frequency for an 
internal motion, like the inversion of ammonia, has 
been derived by Dennison and Uhlenbeck,’ using the 
WKB method. They find that if the tunneling motion 
consists predominantly of one normal vibrational mode, 
and if »y=tunneling frequency, »=vibrational fre- 
quency, u=reduced mass for tunneling coordinate, 
s=displacement along the tunneling coordinate, s=s 
at which E=V(s), measured from the barrier maxi- 


mum, V(s)=potential energy, and e=total energy, 
then 


v= (m/m)er, 


(1) 


where 


(2) 


=~ (t/t) [rat —cJ}as. 


(1982) M. Dennison and G. E. Uhlenbeck, Phys. Rev. 41, 313 
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Fic. 1. Logarithmic curves of the ratio of the tunneling fre- 
quency » to the principal vibrational frequency vo along the 
tunneling coordinate, vs the reduced distance Zp (number of 
classical amplitudes for oscillator of frequency vo) from the po- 
tential minimura to the potential barrier maximum. Curve A 
represents the quadratic approximation, Curve B the cosine form. 


The expression for J can be integrated for a variety of 
potentials V. With the barrier height V(s=0) suffi- 
ciently high, so that two or more vibrational levels lie 
below the barrier, it is convenient for us to change the 
variable of integration. When V is high, the lowest 
vibrational state is approximately that of a harmonic 
oscillator with frequency wo=2v; we introduce the 
variable 

Z= (we/h)*r, (3a) 
where r is the displacement along the tunneling co- 
ordinate with the origin at a potential minimum. 
Then if R is the distance from the origin to the poten- 
tial maximum, we let 


Zo= (sue/h)*R. (3b) 


The dimensionless variable Z has as its unit the classical 
amplitude of oscillation for an oscillator of frequency 
wo, in its lowest quantum state. Therefore at so, Z=1. 
The expression for J becomes 


(4) 


= —2(2/fws)' LV (2) Paz. 
1 


If we let e=4}hw, then 


Jeoud | “TV (Z)/e-1}azZ, (5) 


which is a particularly useful form to use for the 
integration. For most reasonable potentials, V has a 
quadratic leading term, so that the tunneling fre- 
quency will vary roughly as 


v~ exp—Zy*f(Zo), (6) 


where f(Zo) is constant or slowly varying compared 
with Z,°. If V is formed from two intersecting parabolas, 
then the integrated expression gives, for the mth vibra- 
tional level, 


I,= —[Zo(Ze?— 2n—1)4— (2n+-1) logZo 
+(Z¢—2n—1)4]. (7) 
Alternatively, if V is represented as a cosine function, 
Veos=4VoL1— cos(4Z/Zp) ], (8) 
then for a state of energy e, : 
Teos= (16V2/x*) Z°L E(k) —(¢/Vo)K(k)], (9) 


where k=[(Vo—e)/Vo}! and E(k) and K(k) are the 
complete elliptic integrals of the second and first kinds, 
respectively. Approximating ¢ as Rw»/2 as we have done, 
with wo the circular frequency for a harmonic oscillator 


TaBLe I. Data used for treatment of NH3-like molecules. 





Molecule _rx_y (A) = vy (cm) 4 (amu) 





NH; 1.014° 
1.014° 
1.371¢ 
1.42 


1.52 


25° 2’ 
25° 2’e 
26° 3’ 
32° 45's 
33° 50’s 


1055¢-4 
8054 
505! 
992 
974! 


2.47¢ 
4.20¢ 
11.24 
2.73 
2.88 


PH; 
AsH3 





® @ is the angle between the X—Y bond and the plane perpendicular to the 
molecular symmetry axis. 

b Frequencies are observed values except for NHs, NDs, and AsHs, where 
harmonic frequencies were used (see reference 11 and d, below). 

© See reference 12. 

4 PD, M. Dennison, Revs. Modern Phys. 12, 175 (1940). 

© P. Kisliuk, J. Chem. Phys. 22, 86 (1954). 

f Bailey, Hale, and Thompson, J. Chem. Phys. 5, 274 (1937). 

£C. C. Loomis and M. W. P. Strandberg, Phys. Rev. 81, 798 (1951); L. S. 
Bartell and R. C. Hirst, J. Chem. Phys. 31, 449 (1959). 

h Vv. M. McConaghie and H. H. Nielsen, J. Chem. Phys. 21, 1836 (1953). 

iV, M. McConaghie ard H. H. Nielsen, Phys. Rev. 75, 633 (1949). 
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TABLE II. Parameters, a frequencies and times for NH;-like molecules. U he ies values are taken with Y; moving as a 


triangle, lower values with the X—Y bond len 


held constant. 








Quadratic approximation 
(sec) Zo 


Zo y (sec) 


Cosine approximation 


v(sec™?) 7 (sec) 





2.88 


3.29 


NF; 


PH; 


AsH; 


2.7X10-" 


3.42 2.3786X 10" 


(obs.)* 


1.43X10° 

1.6X10° 
(obs. )* 

1.25X10° 
(calc.)> 


0.015 
0.012 


78.5 
21.4 


5.9X10 
1.5X10° 


3.5X10-" 








® See reference 4. 
» See reference 4 or 8. 


whose force constant is the same as that of V.o., then 
Eq. (9) can be simplified by the substitution 


€/Vo=2"/4Z;?. (10) 


In both these cases, the tunneling frequency is 
indeed roughly dependent on exp(—AZ,*). This 
suggests that one might correlate tunneling frequencies 
for similar molecules by assuming any reasonable po- 
tential, providing (a) one knows the tunneling fre- 
quency for one molecule of the set, and (b) the tunnel- 
ing coordinate is dominated by one normal mode, or at 
least by modes of comparable frequency. Then the 
quantity Z) becomes a parameter of correlation only, 
and depends on the potential form chosen; at the same 
time the form of Z demands that for any two sub- 
stances A and B, their Z) parameters be related by the 
condition that 


Zo(A)/Zo(B) = (wawoa/Mnwos)*( Ra/ Rs) : (11) 


The masses wa and yp, the frequencies wo, and app, 
and the distances R, and Rx, are determined in a great 
number of cases by the symmetry, the structural 
parameters, and the normal vibration frequencies. 
Consequently one can pick a likely analytical form for 
V, and reading values from a plot of logi(v/») vs Zo, 
determine the approximate tunneling rate for any mem- 
ber of a homologous series, knowing previously the 
rate for one member only. 

In Fig. 1 are plotted the curves of logi(v/m) vs Zo 
for the cosine and parabolic potentials. The two curves 
are nearly parallel, and the similarity of results they 
give is demonstrated in Sec. III. 


Ill. APPLICATION TO SOME XY; PYRAMIDAL 
MOLECULES 


The tunneling process corresponding to the inversion 
of NH; and similar molecules provides a straight- 


forward test of the method developed in Sec. II. Inver- 
sion splittings are well known for NH; and ND;, but 
have not been observed spectroscopically for any 
heavier homologs.‘ The problem of inversion fre- 
quencies has been treated by several authors.7" Of 
principal interest have been the barrier shape and height 


although there has been one method developed to 
correlate the NH;, PH;, and AsH; barriers and tunnel- 
ing frequencies." The most accurate potential for 
which both NH; and ND; tunneling frequencies are 
known is the one developed by Manning’; this, together 
with the observed results, will serve as a standard for 
our approximation method. 

The tunneling frequencies of ND;, NF;, PH;, and 
AsH; were calculated four ways; the two potentials 
were each tried with the assumptions that in XY3, 
the XY bond lengths remain constant, or alterna- 
tively, that Y; moves as a rigid triangle. The tunneling 
coordinate of NH; almost certainly is dominated by 
one normal coordinate, the »_ vibration. This vibration 
in turn, expressed in valence force-field coordinates, 
consists principally of the S: angle-bending vibration”: 


Si/ S2= 1/10.96, 
based on the data contained in Table I. (This value is 


‘C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Com , Inc. * York, 1955). 
sf. Hund, Z. Physik 43, 808 (1927) 


P.M. Morse and E. C.G gf oe ER Helv. Phys. Acta 4, 


337 (1931). 
™N. Rosen and P. M. Morse, Phys. Rev. 42 Fog (1932). 
8M. F. pearing, t- Chem. Phys. 3, 136 (1935) 
*F, T. Wall an Glockler, . Chem. Phys. 5, 314 (1937). 
(oss. R. Newton and L. H. Thomas, J. Cies.. Phys. 16, 310 
1 C. C. Costain and G. B. B. M. Sutherland, J. Phys. Chem. 
56, 321 (1952). 
12 G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand 


Com , Inc., Princeton, New Jersey, 1945). See especially, 
134-157 4 i75-177. iis — 
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Fic. 2. Schematic representation of pseudorotation in the 
trigonal bipyramid. 


not in exact agreement with that of reference 11; 
by using this value for S,/S2, the potential computed in 
the Costain-Sutherland treatment is about 100 cm“ 
less than the value reported.) We therefore take the 
ve vibration as the one to be substituted for vo in Eq. 
(1) and (11); as Costain and Sutherland" point out, 
it is more appropriate te use the normal vibration 
frequency of the state in question than the observed 
infrared frequency. This has been done whenever normal 
frequencies were available. The effective masses have 
been taken as constants, with 


p= 3mm,/(mi+3my). 


The expression is almost unaffected by the angle- 
dependent contribution which would appear in a rigor- 
ous treatment. Structural parameters, effective masses, 
and vibration frequencies are given in Table I. 

Table II gives the results obtained with the four 
sets of assumptions. Several points should be noted. 
First, the frequencies found for ND;, with quadratic 
and cosine potentials of 1840 and 1430 mc, respectively, 
should be compared with the observed value of 1600 
mc and with thef{value computed by Manning as 1250 
me. Second, the tunneling frequencies for PH; and AsH3 
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are much closer to each other than the frequency of 
NH; to either. This seems quite reasonable in light of 
the similarities in bond lengths, angles, effective masses, 
and frequencies. It also is interesting that NF;, with 
its rather flat structure, tunnels at a rate very close 
to AsH;; in the former, the effective mass is the prin- 
cipal cause of the low frequency; in the latter, the 
actual distance which the hydrogens must move is the 
major source of the slow rate. Finally, the most im- 
portant of all, we see that the various approximations 
all lead to the same order of magnitude ir their pre- 
dictions, so that one might have enough confidence in 
the method to estimate rates for the purpose of design- 
ing experiments. 


IV. PENTAHALIDES OF PHOSPHORUS 


The molecules PF; and PCls have been the subject of 
a variety of studies which have suggested the possibility 
that they might exhibit internal motions. Both mole- 
cules are trigonal bipyramids so that, at any instant, the 
halogen atoms occupy two kinds of sites; three are 
assigned to equatorial positions, and the other two to 
polar positions. The F"-resonance spectrum of PF; 
has been observed by Gutowsky, McCall, and Slichter." 
They report only a single fluorine resonance peak (split 
into a doublet due to P—F coupling), so that either the 
five fluorines are equivalent to a measurement as slow 
as NMR, or the chemical shifts and P—F couplings 
are accidentally identical for fluorines at both kinds of 
sites. The latter possibility is rather unlikely, particu- 
larly in light of the data to be cited regarding PCl,, 
so it will not be considered further. 

The infrared spectrum of PF; has been observed by 
Gutowsky and Liehr,“ who find an apparently normal 
spectrum for a trigonal bipyramid. This suggests that 
the fluorine atoms may exchange at a rate slow com- 
pared with the time necessary to establish sharp vibra- 
tional levels, and fast compared with the inverse line 
widths associated with nuclear resonance measure- 
ments. Hence any exchange process which the fluorines 


TABLE III. Data used for treatment of PF; and PC\. 








Molecule rx_y of XY2 (A) rxy of XY; (A) vo (cm) 





PF; 1.57 1.578 534 


or 
-~180 (assumed) 
3354 
or 
1004 


PCI; 2.04 Z.18> 





® L. O. Brockway and J. Y. Beach, J. Am. Chem. Soc. 60, 1836 (1938). 
b See reference 16. 
© See reference 14. 
4 See reference 15. 


18 Gutowsky, McCall, and Slichter, J. Chem. Phys. 21, 279 
(1953) 


M B S. Gutowsky and A. D. Liehr, J. Chem. Phys. 20, 1652 
(1953). 
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TABLE IV. Parameters, tunneling frequencies and times for PF; and PCls. Upper values are derived using the high-frequency 
values of Table III, lower values using the lower frequencies. 








Quadratic approximation 


Molecule Zo v (sec) 


Cosine approximation 


Zo v (sec) 





PF; 
PCI; 


4.37 
6.41 


10° (assumed) 


2.4X10°% 
1.210 


5.8hr 
41 sec 


5.17 
7.59 


10° (assumed) 


9.6X10* 
6xX10- 


12.8 hr 
1.4 min 





undergo should occur at a frequency between about 10-* 
and 10 sec. 

Now we turn to the data regarding PCl;. Infrared 
and Raman spectra have been taken and analyzed by 
Wilmshurst and Bernstein.” The structure is known 
from electron diffraction work of Rouault.'® The possi- 
bility of internal exchange is suggested in the isotopic 
exchange studies of Downs and Johnson."”:* They re- 
port that three chlorines are capable of very rapid 
exchange, giving complete equilibration in 5 sec or 
less; the other two chlorine nuclei do exchange, but 
attain 90% of their equilibrium isotopic concentration 
only after 100 min. Presumably the two slowly exchang- 
ing chlorines are those occupying the polar positions, 
and the rate difference truly is due to a difference in 
reactivity of the two kinds of sites. By inference, then, 
it is likely that the two kinds of sites in PF; are also 
different chemically, so that instantaneous determina- 
tion of electron density around the two positions would 
yield two different results. The reactivity of chlorines 
in PCI, thus lends credence to the hypothesis that some 
kind of exchange process establishes the F'® equivalence 
in PF; for NMR observations. 

One particularly attractive possible mechanism for 
the exchange process in PF; and PCI, is a purely in- 
ternal pseudorotation as indicated in Fig. 2. The motion 
leaves the molecule in a rotated and permuted form of 
its original state. If the internal exchange or pseudo- 
rotation hypotheis is tenable, the disparity between the 
necessary PF; and PCI, exchange rates must be rational- 
ized. For this we may use the method developed in Sec. 
II. 

The data, including the vibration frequencies of 
possible importance, are collected in Table III. It would 
be desirable to be able to attribute the tunneling co- 
ordinate with a single normal mode, but unfortunately 
this cannot be done necessarily. In addition to the 
problem of finding normal coordinates for PF;, whose 
spectrum is not entirely known, there seems to be some 
doubt about the assignments of the vs and » e’ vibra- 

15 J. K. Wilmshurst and H. J. Bernstein, J. Chem. Phys. 27, 
661 (1957). 

16M. Rouault, Ann. phys. 14, 78 (1940). 

17J. J. Downs and R. E. Johnson, J. Chem. Phys. 22, 143 
OOP. Downs and R. E. Johnson, J. Am. Chem. Soc. 77, 2098 
CS the author is indebted to Dr. F. T. Smith who first pointed 


out to him the existence of the pseudorotation operation of a 
trigonal bipyramid. 


tions. The tentative assignment of Gutowsky and 
Liehr’* suggested that the PX, deformation is v7, 
at 534 cm™ for PF;. The normal coordinate analysis 
of Wilmshurst and Bernstein® gives vg as the PX, 
polar bend in PCl; at 335 cm™, and » as the PX; 
deformation at 100 cm~. The assignments of Wilms- 
hurst and Bernstein however, may be questioned be- 
cause they found it necessary to call the 394-cm™ 
band degenerate, assigning it to two vibrations of the 
same symmetry, the » and v2 a;’ modes. It is con- 
ceivable but surprising that such a combination shows 
no significant splitting. In any case, we can compute the 
data of interest using both the 534 and 335-cm™ bands 
and the assumed frequency of 180 cm for PF; with the 
observed 100-cm™ PCI; band. These two combinations 
give results which are all relatively satisfactory for 
reconciling the tunneling rates. 

We assume that the tunneling frequency of PF; 
is halfway between the limits set by its normal infrared 
spectrum and its single NMR peak; namely, we assume 
that »(PF;)~10° sec. Then with the assistance of 
Fig. 1, we compute the corresponding Zo. To calculate 
the PCI; tunneling frequency, we need to know the 
distance traveled by the point representing the tunnel- 
ing particle. We supposed that the halide moves along 
a straight line from one kind of position to the other, 
so that the P—X distance varies linearly with displace- 
ment. Then the average P—X distance along this 
coordinate is used to calculate Z» for PCl;. Note that in 
contrast to the NH;-like molecules, the moving nuclei 
in trigonal bipyramids all must travel through the 
same angle. 

The results of the calculations are shown in Table 
IV. It is rather surprising and somewhat fortuitous 
that the various approximations do give tunneling 
times which bracket the characteristic time which 
would obtain if pseudorotation governed the slow 
exchange rate in PC]. The important conclusion to be 
drawn is simply that the hypothesis of pseudorotation 
in PF; and PCl; is consistent with the experimental 
data now available. Further experimentation is clearly 
necessary to confirm or reject the hypothesis. 

Other related systems such as SF, and CIF; have been 
studied by Muetterties and Phillips.” *! It has been 


20 E. L. Muetterties and W. D. Phillips, J. Am. Chem. Soc. 79, 
322 (1957). 

21. L. Muetterties and W. D. Phillips, J. Am. Chem. Soc. 81, 
1084 (1959). 





938 


pointed out that these compounds are capable of 
exhibiting pseudorotation,” and the results of NMR 
studies by Muetterties and Phillips” :*! are consistent 
with this hypothesis. Chemical exchange is, however, 
at least as likely for these molecules.” Therefore we do 
not suggest that pseudorotation is necessarily the 
explanation for the observed line narrowings which 
appear as sample temperatures are increased. It is 
important, nonetheless, to note that the results of 
Muetterties and Phillips require that the pseudorota- 
tion times for SF, and CIF; be considerably longer than 
for PF;. This is rationalized easily by the following 
argument. In PF;, the phosphorus atom lies at the cen- 
ter of gravity and, therefore, need not move during the 
course of pseudorotation. Since SF and CIF;*” are 
not symmetrical structures, the heavy atoms do not 
lie at the molecular centers of gravity and therefore 
must participate in pseudorotation. The large effective 
masses for motion along the tunneling coordinates 
would depress the tunneling rates, presumably by 
several orders of magnitude. 


2 R. S. Berry, Revs. Modern Phys. (to be published). 

%M. T. Rogers and J. J. Katz, J. Am. Chem. Soc. 74, 1375 
(1952). 

*% Dodd, Woodward, and Roberts, Trans. Faraday Soc. 52, 
1052 (1955). 

26 Cotton, George, and Waugh, J. Chem. Phys. 28, 994 (1958). 

*R. D. Burbank and F. N. Bensey, J. Chem. Phys. 21, 602 
(1953). 

71). F. Smith, J. Chem. Phys. 21, 609 (1953). 
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V. SUMMARY 

A method has been presented whereby the tunneling 
frequencies v for members of a homologous series of 
molecules may be estimated. The method depends on 
knowledge of the tunneling rate for one member of the 
series, and the vibrational frequencies and structure for 
this molecule and for any molecule whose tunneling 
frequency is desired. The method, useful only for find- 
ing orders of magnitude of v, depends on the insensi- 
tivity of the tunneling frequency to barrier shape, and 
on the assumption that barrier shapes for the various 
members of the series are similar. 

The method is applied to the NH;-like molecules 
ND,, NF;, PH;, and AsH;. The ND; rate is close to 
the observed value if either a quadratic or cesine po- 
tential is assumed. The PH, rate is calculated to be of 
the order of 10 sec~!, while the NF; and AsH; rates are 
of the order of 1 min™. 

The method also is applied to correlate the rates of 
the hypothesized pseudorotation of PF; and PC\,. 
If a characteristic time of 10~ sec is assumed for PFs, 
then the computed time for PC\, lies between $ min and 
12 hrs. The hypothesis of pseudorotation therefore is 
consistent with the spectra and exchange experiments 
which have been performed on these two molecules. 
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Communications 


Critical Opalescence of Polystyrene 
Solutions* 


P. Desye, H. Cott, anp D. WoERMANN 
Cornell University, Ithaca, New York 
(Received January 15, 1960) 


N a recent publication' on critical opalescence in 
liquid mixtures it was shown how the intensity of 
scattered light, measured under an angle @ with respect 
to the incident beam, can be related to the range of 
molecular forces characteristic for the components of 
the mixture. In the vicinity of the consolute point, for 
light vertically polarized with respect to the plane of 
observation, this relationship can be expressed in the 
simplified form? 


be CT/T. 
~ (AT/T.) + (822/302) F sin?/2 





(1) 


I=intensity of scattered light 

C=constant characteristic for the system 

T =temperature, °K 

T.=critical (consolute) temperature, AT = T—T,. 

\=wavelength of light in medium 

l=average range of forces between component 
molecules 

6=angle of scattering. 


Thus, a plot of 1/J vs sin’#/2 measured at various tem- 
peratures close to 7, should lead to parallel straight 
lines whose intercept is proportional to AT, provided 
the temperature range considered is small enough 
so that T/T&1. 

The validity of Eq. (1) has already been established 
for a system of small molecules, viz., carbon tetra- 
chloride-perfluoromethylcyclohexane.2 We made the 
system polystyrene-cyclohexane the subject of our 


VOLUME 32, NUMBER 3 MARCH, 1960 
studies in order to show that polymer solutions exhibit 
an analogous behavior. Because of the expected larger 
values of the interaction range / in the case of polymers, 
angular dependence of J should be observable at much 
greater temperature distances from 7, than in the case 
of small molecules. From the experimental standpoint 
this advantage is offset by the range over which 
molecular weights usually distribute in polymer frac- 
tions. This may give rise to precipitation of high- 
molecular weight components already several degrees 
above the theoretical “average” consolute tempera- 
ture. 

In our experiments we used polystyrene samples of 
“narrow” molecular weight distribution which had been 
prepared by anionic polymerization of styrene.* The 
experimental results which we obtained with a par- 
ticular fraction, M,=147000, M./M,=1.04, may 
serve as an illustration.’ It should be noted, however, 
that a quotient M,/M, near unity still corresponds to 
an appreciable half-width of the distribution curve 
which in our particular case is 30% of the molecular 
weight at the maximum of this curve. 

The critical concentration (¢2) rit of the polymer in 
cyclohexane was found by measuring the angular 
dissymmetry of scattered light as a function of con- 
centration. At fixed temperatures of a few tenths of 
a degree above the experimentally determined point of 
incipient precipitation 7,, the curve goes through a 
pronounced maximum at (2) crit, in our case equal to 
5.0 vol % of polystyrene.® Figure 1 shows plots of 1/I 
vs sin’@/2 from data on a solution of critical concentra- 
tion. The measurements were taken at several fixed 
temperatures between 0.6 and 1.3°C above T,. The 
latter was calculated from the intercepts of Fig. 1. 
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The difference T7,— 7. was found to be approximately 
0.6 degree which is quite reasonable in view of the half- 
width of the molecular weight distribution in our 
sample. For the latter a range of 7, of approximately 
1.2 degree can be calculated by a formula given by 
Shultz and Flory.® 

The parameter / was calculated as 28 A. The end-to- 
end distance, (R?)+, of the polymer coil at the theta 
point (calculated from R?=2Na*) should be 116 A. 
Applying the estimate! ?=R?/6 one should expect 
1=47 A, a value appreciably higher than our experi- 
mental result. Further work appears to be necessary to 
explain this small interaction range. 

A more detailed report is to be published in the near 
future. 


* This work was su pared by grants from the National Science 
Foundation and the Office of Naval Research. 

1 P. Debye, J. Chem. Phys. 31, 680 (1959). 

2 See reference 1, Eqs. (27) and (28). 

3 See reference 1, footnotes 5 and 6. 

*Samples were obtained by courtesy of the Dow Chemical 
Company, Midland, Michigan. 

5H. W. McCormick, Dow Chemical Company (private com- 
munication). 

6 This value is considerably higher than predicted by the Flory- 
Huggins theory; cf. A. R. Shultz and P. J. Flory, J. Am. Chem. 
Soc. 74, 4760 (1952). 





Electron Spin Resonance of Colloidal 
Sodium in Sodium Azide 


G. J. Kine, B. S. Miter, F. F. Cartson, Aanp R. C. McMILLAN 


Basic Research Group, Engineer Research and Development 
Laboratories, Fort Belvoir, Virginia 


(Received January 13, 1960) 


STUDY of the chemical decomposition of sodium 

azide under the simultaneous influences of thermal 
and optical energy has been carried out by means of 
ESR techniques at 9100 Mcps. 

Samples of polycrystalline sodium azide were sealed 
in evacuated quartz tubes and irradiated with a mer- 
cury lamp (Hanovia type SH616A), while being main- 
tained at a temperature of 573°K. Other samples were 
given the same treatment, but were exposed to air dur- 
ing heating and irradiation and later placed in un- 
sealed Pyrex glass tubes. 

All samples turned from a white to a deep purple 
color under the influence of thermal and optical energies 
as previously noted.' The coloration is accompanied by 
the production of a temperature-stable optical absorp- 
tion band, attributed to the presence of colloidal sod- 
ium.? The pertinent chemical reaction involved here is 
2NaN;—2Na+3Nz. 

The ESR spectra taken at 77°K and at 293°K show 
a strong, highly symmetrical, single-line absorption 
which we attribute to the spin resonance of metallic 
sodium electrons. The characteristics of the resonance 
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TABLE I. Comparison of data from this investigation with 
data of Feher and Kip.* 





Feher and Kip This study 





Line shape 


g value (300°K) 
Spin relaxation time 


Lorentzian 


2.0015+0.0002 
6X10 


Lorentzian 


2.0017+0.0002 
7.4X10-* (293°K) 


(sec) 23X10- (77°K) 
300 Mcps 
Su 


Frequency 
Colloid size 


9100 M 
10 to 300 A (optical 
data) 





® Reference 3. 


are given in Table I and are compared to the data 
of Feher and Kip* on colloidal sodium dispersed in oil 
by ultrasonic methods. 

The resonance absorption is independent of the pres- 
ence of air during treatment of the samples thus pre- 
cluding sodium oxygen interactions. 

The g value determined here agrees with the theoreti- 
cal value of 2.00164 given by Brooks‘ and also the value 
of 2.00193 given by Yafet.5 

The decomposition of metal azides would appear to be 
a convenient method of producing colloidal metal par- 
ticles of controllable size for ESR experiments. It 
should, however, be noted that many of the metal azides 
are highly explosive and poisonous. 

The interest of Dr. Z. V. Harvalik in this work is 
gratefully acknowledged. 


1 a Dreyfus, and Levy, J. Chem. Phys. 24, 184 
(1956). 

2B. S. Miller (to be published). 

3G. Feher and A. F. Kip, Phys. Rev. 98, 337 (1955). 

4H. Brooks, Phys. Rev. 94, 1411 (A) (1954). 

5 Y. Yafet, Phys. Rev. 85, 478 (1952). 





Variation of a Chemical Reaction Cross 
Section with Energy* 


E. F. GREENE, R. W. RoBerts,} AND J. Ross 


Metcalf Chemical Laboratories, Brown University, 
Providence, Rhode Island 


(Received January 6, 1960) 


N 1955 Taylor and Datz' studied the reaction 
K+HBr—KBr+H using molecular beam _tech- 
niques. They were able to determine temperature- 
dependent chemical reaction cross sections by measuring 
the angular distribution of scattered KBr and K. From 
the variation of these cross sections with the tempera- 
ture of the oven source they estimated an activation 
energy of 2.8 kcal/mole for this reaction. 
We wish to report some initial results of a molecular 
beam experiment designed to measure the energy de- 
pendence of a chemical reaction cross section. The chem- 
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ical reaction was that of Taylor and Datz. Because the 
apparatus has been described elsewhere” only a few 
details will be mentioned here. 

The potassium beam is formed by effusion from paral- 
lel canals* at the exit of a double chambered oven. The 
back chamber contains liquid potassium at a tempera- 
ture of 626°K (equilibrium vapor pressure 1.2 mm), 
and the front chamber temperature, 654°K, determines 
the most probable speed of the K atoms in the thermal 
beam effusing from the oven. A velocity selector‘ 
transmits K atoms with a range of speeds; the half- 
width of the triangular distribution transmitted is 
0.085 v, where % is the central speed. The K beam at 
the detector is ribbon-shaped, 3 mm high and 0.76 mm 
wide. The scattering center is 68 cm from the exit of 
the K oven and 1.3 cm from the HBr oven. The HBr 
appears as a partially collimated effusive spray from a 
two chambered oven through a 3-mm hole which is 
covered with Ni mesh (46% transmission, 0.0005-in. 
thick, 0.0008-in. square holes). The back chamber was 
at 138°K for which the equilibrium vapor pressure is 
1 mm, but the actual HBr pressure may be somewhat 
lower. The HBr beam is not velocity selected but has a 
thermal distribution with a most probable speed of 
1.8X10* cm/sec corresponding to a front chamber 
temperature of 152°K. Although liquid nitrogen traps 
and cooled shields were used to maintain a high effec- 
tive pumping speed for HBr, some HBr appeared 
throughout the vacuum chamber; we estimate that only 
85% of the scattering occurred at the intersection of the 
two beams. The surface ionization detectors, like the 
ones used by Taylor and Datz, consisted of two heated 
wires, one tungsten and one an alloy, 92% Pt—8% W. 
The tungsten wire was ribbon-shaped with a 0.25-mm X 
0.01-mm cross section and ionized both K and KBr, 
while the alloy wire (0.05-mm diam) ionized only K. 

The ions were collected at a negative electrode con- 
nected to the input of a vibrating reed electrometer. 

Figure 1 shows the ratio of K plus KBr flux to the K 
flux as a function of the relative initial kinetic energy 
(RIKE) at a scattering angle of 35° in laboratory 
coordinates. The values at low energy are not equal to 
unity because of geometrical restrictions on the detec- 
tors. 

In the present experiment KBr may be formed in a 
number of final rotational and vibrational quantum 
states from HBr in a number of initial rotational states. 
The ordinate in Fig. 1 (minus unity and apparatus 
corrections) is therefore proportional to the ratio of a 
weighted sum of elementary differential chemical reac- 
tion cross sections to the differential elastic cross section 
for the scattering of K. The latter is expected to be a 
decreasing function of RIKE and this is confirmed by 
the dependence of J p:,,° on RIKE which shows a de- 
crease, with scatter, by a factor of 2.5 over the range of 
energies studied. The minimum molecular activation 
energy, i.e., threshold, for any one of the reaction cross 
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Fic. 1. Iw/Ter is the 
ratio of ion current from 
the W and W-Pt alloy 
surface ionization de- 
tectors, corrected for 
differences in ionization 
efficiency. The relative 
initial kinetic energy is 
4uv,? where yu is the re- 
duced mass, mgmyp;/ 
(mg+mypr), and 2, is 
the square root of the 
sum of the squares of 
the central speed of the 
K beam, and the most 
probable speed of the 
HBr beam. A: spread in 
RIKE corresponding to 
half-width of HBr en- | 
ergy distribution; B: 
spread in RIKE corre- 
sponding to half-width 
of triangular distribu- 
tion of K-beam energy 
transmitted by selector; 
C: value of the ordinate 
for thermal K beam. 
Vertical lines through 
the points show the es- 
timated reading error. 
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sections at a scattering angle of 35° is seen to be 1.4 
kcal/mole. As the RIKE is increased up to 3.3 kcal/ 
mole the percent yield of KBr is also increased. This 
may be because (a) more thresholds of elementary 
transitions may be reached, for instance, the molecular 
activation energy may depend on the quantum num- 
bers J and M of HBr; or (b) each elementary cross 
section is not a step function of the RIK E but may well 
have a more complex energy dependence. A further 
increase in the RIKE brings a decline in the product 
formation which indicates that the potential energy 
surface related to the chemical reaction cross section 
varies more rapidly than that function related to the 
elastic scattering. 

The experiment indicates the need for a distinction 
between the phenomenological activation energy ofa 
reaction, derived from the experimental temperature 
variation of the rate constant, and the concept of a 
spectrum of molecular activation energies. The de- 
pendence of the quantities exhibited in Fig. 1 on the 
scattering angle, i.e., the measurement of reaction cross 
sections as a function of angle and RIKE for this and 
other systems, promises to yield interesting detailed 
information about chemical reactions. 

We wish to thank Mr. P. Groblicki for helping with 
the measurements. 


* Supported in part by the Division of Research of the U.S. 
Atomic Energy Commission. 

1 E. H. Taylor and S. Datz, J. Chem. Phys. 23, 1711 (1955); 
and private communication. : 

2 R. W. Roberts, Ph.D. thesis, Brown University (1959). 
scp address: National Bureau of Standards, Washington, 


3 J. G. King and J. R. Zacharias, Advances in Electronics and 
Electron Phys. 8, 2 (1956). 

*R. C. Miller and P. Kusch, Phys. Rev. 99, 1314 (1955); see 
also further references therein. 
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Surface Migration of Nitrogen on Tungsten 


Gert Exre.icu Anp F. G. Huppa 
General Electric Research Laboratory, Schenectady, New York 
(Received January 15, 1960) 


NOWLEDGE of the surface diffusion of nitrogen, 
which is essential for an understanding of its 
heterogeneous reactions, has so far been attained only 
by inference. We have now examined the migration of 
nitrogen over a tungsten single crystal directly, using a 
simple field emission microscope. 

In our microscope, the emitter assembly (point, 
support filament, and potential leads for temperature 
measurement) is mounted on an extended stem, which 
serves as a Dewar vessel, and is itself surrounded by 
double cylindrical Dewars in an arrangement re- 
sembling a low-temperature field ion microscope.' 
Aimed at the tungsten emitter is a tube which projects 
through the Dewars and is connected to a gas reservoir 
through a Granville-Phillips valve. The walls around 
the emitter are cooled with liquid hydrogen to trap 
molecules colliding with them; when the valve to the 
reservoir is opened, the point is exposed to a narrow 
beam of gas, and a localized deposit forms on one side. 

Such a deposit of nitrogen around the 100 and 211 
planes of a tungsten tip maintained at 290°K is shown 
in Fig. 1. This is stable and unchanging with tempera- 
ture up to 400°K. The area encompassed between the 
111 zone lines darkens slowly at ~425°K, and sharp 
boundaries form at the edges as these regions are filled 


Fic. 1. Nitrogen deposit on W at T=290°K. Gas beam at 10 
o’clock; (a). initial deposit; (b) deposit after spreading at T= 
650°K. 
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Fic. 2. Nitrogen deposit on W at T=20°K; (a) initial deposit; 
(b) deposit after equilibration at 7~45°K. 


by gas diffusing out of the deposit. Further changes can 
be brought about by raising the tip temperature to 
650°K. The nitrogen then encroaches across the zone 
lines [Fig. 1(b)] and the bright emitting regions 
centered on the 100 poles gradually contract. At 
these temperatures the a state has evaporated, and the 
diffusing species must be nitrogen adatoms.? From the 
rates of migration across the 110 and 111 planes we 
estimate an activation barrier of ~20 kcal/mole. A 
much higher activation energy, Vn~35 kcal/mole, 
opposes the diffusion over the (116) and (120), which 
on an atomic model present deep holes to a nitrogen 
atom. 

Deposits on an emitter initially at 77°K show es- 
sentially the same temperature behavior, as is ex- 
pected from our picture of the + state of nitrogen 
Shadowing of a point maintained at 20°K, however, 
results in a deposit with sharply defined borders 
[ Fig. 2(a) ]; small increases in temperature (to ~40°K) 
suffice to roll these borders toward the (100) [Fig. 
2(b) J]. Such diffusion is characteristic of two-layer 
systems in which mobile gas flows over the edge of an 
immobile layer and there chemisorbs.* In this second 
layer the activation energy for migration is 1.2<Vn< 
1.9 kcal/mole, and it thus appears to be held by van 
der Waals forces only. This constitutes the fourth 
binding state for nitrogen so far isolated. The border 
adjacent to the 100 pole, which remains once the supply 
of physically bound nitrogen is exhausted, is stable to 
temperature increases even when the (111) regions 
have achieved their equilibrium gas distribution: It 
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disappears in the temperature range observed for the 
diffusion of the high-temperature deposit toward the 
(100), showing the same dependence of the jump 
frequency on surface structure. The activation energy x 
for the desorption of nitrogen atoms from tungsten is 
~153 kcal/mole, and our diffusion experiments thus 
indicate V./x~0.23. Despite the high valency of 
nitrogen atoms, this is in good agreement with the 
results for oxygen and hydrogen.* 


1 E. W. Miiller, J. Appl. Phys. 28, 1 (1957). 


2G. Ehrlich, Siructure operties of Thin Films (John 
Wiley & Sons, Inc., New York, 499) * Js 


+R. Gomer and j. K. Hulm, J. Chem. Phys. 27, 1363 (1957). 





Comments and Errata 


Comments on “Thermoluminescent 
Properties of Calcite” 
W. L. MEDLIN 


Socony Mobil Oil Company, Inc., Field Research Laboratory, 
Dallas, exas 


(Received December 21, 1959) 
spor results of a recent study of thermolumines- 
cence 


in calcite showed that the presence of divalent 
manganese accounted for prominent peaks in the glow 
curve at 350°K and 470°K.! The efficiency of lumines- 
cence for the 350°K glow peak was found to be a pre- 
dictable function of the Mn** concentration but the 
results for the 470°K peak were erratic and did not fit 
a smooth curve. Since the intensities of both glow peaks 
were considerably enhanced by annealing (one hour 
at 550°C) there was reason to believe that the results 
were affected by lattice distortions produced during 
the precipitation and subsequent crystal growth of the 
samples. 

This note describes a more recent investigation of the 
problem involving hydrothermal precipitation tech- 
niques. It has been found that a method which was 
originally developed for precipitating dolomite and 
magnesite from solution? can also be adapted to the 
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Fic. 1. Efficiency of luminescence as a function of concentration 
for the 470°K ew peak due to Mn** in calcite. 
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precipitation of calcite. Briefly, the method consists of 
slowly raising the temperature of a slightly acidic CaCl, 
solution containing an appropriate concentration of urea 
to be about 200°C under 30-60 atmos of CO: pressure. 
At this elevated temperature the urea decomposes to 
NH; and CO, and raises the pH of the solution suffi- 
ciently to precipitate calcite. Traces of Mn** included 
in the original solution are coprecipitated as impurity 
ions in the crystal lattice. 

The glow curves for these samples are not appreciably 
affected by annealing (the intensity of the 470°K peak 
is enhanced slightly) and the luminescent efficiency of 
the 470°K glow peak is a smooth function of the Mn*+ 
concentration. This is illustrated in Fig. 1 where the 
experimental results are compared with a theoretical 
curve for concentration quenching.’ The data for the 
350°K glow peak are substantially in agreement with 
the results of the original work. The same values for the 
parameters Z and o/o, appear to fit the data for both 
peaks, viz., Z=75 and o/¢.=0.001. A glow peak which 
appeared at 200°K in the samples precipitated at 
room temperature does not appear in any of the samples 
precipitated at 200°C. This seems to confirm the associa- 
tion of this peak with a dislocation or other lattice 
distortion which could be removed by. annealing. 

All of these results confirm the original supposition 
that lattice imperfections incurred during the room 
temperature precipitations affect the intensity of the 
470°K glow peak and account for the 200°K peak. 
Evidently, by carrying out the precipitations at elevated 
temperatures these imperfections are avoided. 


1W. L. Medlin, J. Chem. Phys. 30, 451 (1959). 
2 W. L. Medlin, Am. Mineral. 44, 979 (1959). 


a9 sO) Johnson and F. E. Williams, J. Chem. Phys. 18, 1477 





Notes 


Stabilities of the Gaseous Molecules, BiSe, 
BiTe, and SbTe* 


RIcHARD F. PorTER AND C. W. SPENCER 


Departments of Chemistry and Metallurgical Engineering, 


Cornell University, Ithaca, New York 
(Received November 16, 1959) 


LTHOUGH gaseous diatomic metal selenides and 
tellurides have been observed spectroscopically, 
there are few thermochemical data from which dis- 
sociation energies of these molecules may be obtained. 
Drowart and Goldfinger,' using a mass spectrometric 
technique, have found that the’ compounds CdSe and 
CdTe vaporize by decomposition to the gaseous ele- 
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TaBLe I. Thermochemical data for reaction Me(g) +Y2(g) = 2MY(g). 





AF,” 
kcal/mole 
Me M2/°K M2 


Cell 
Temp. °K 


System 
M—Y 


K"* 


ASr° 
cals/mole 


AHr° 
kcal/mole 





Bi—Se 
Bi-Te 
Sb-Te 
Te—Se 


1050 
1000 
1000 

730 


40+ 10 

1443 
0.8+0.3 
2.5+0.4 





—7.7+0.5 
—5.32%0.4 
+0.5+0.8 
—1.340.2 


+4.020.2 
+3.540.2 
+3.340.2 
+2.940.2 


—3.540.6 
—1.8+0.5 
+3.8+0.8 
+0.8+0.3 





® Tonizing electron energy =100 v. 


ments, indicating low stabilities for the gaseous diatomic 
species, CdSe(g) or CdTe(g). Interest in the electrical 
properties of bismuth and antimony selenides and tel- 
lurides at high temperatures has led to the present in- 
vestigation of the vaporization behavior of these ma- 
terials. 

The experimental method used here has been described 
in earlier publications? and involves the mass spec- 
trometric identification of the vapor species escaping 
from an effusion cell in which condensed-vapor equilib- 
rium is maintained. For these experiments a graphite cell 
was used. This was set into a heavy Inconel crucible to 
which a Pt-Pt 10% Rh thermocouple was securely 
fastened at the base. The crucible was heated by radia- 
tion from two surrounding tungsten filaments. Samples 
of Bi.Se3, BizTes, and SbeTe; were crystalline and very 
near the stoichiometric composition M2Y3. Here we will 
use the notations M and Y to represent components. 
For experiments with Sbh—Se and Te—Se systems mix- 
tures of the pure components were used. 

In the Bi—Se and Bi—Te systems ion currents of 
Bi;+, BiY+, and Y2* were observed in addition to Bit. 
On the basis of mass spectrometric work with selenide 
and telluride systems,' the known stabilities of Bis(g) 
and Y2(g), the observed behavior in BiY+ intensity with 
changes in Bi;*+ and Y2*, we attribute the formation of 
these ions to processes of simple ionization by electron 
impact. For the Bi—Se system ion currents of Se:* were 
quite high initially (Sex+>BiSe*+>Bi,*). As selenium 
was lost by evaporation, BiSet+ became higher in intens- 
ity than Sez* and after prolonged heating of the sample 
at a constant temperature, the intensity order was Bi:*+ 
> BiSe+>Sez*. The Bi,+/Bi* ratio increased with time 
indicating that the melt was becoming richer in bis- 
muth. Similar behavior was noted for the Bi—Te sys- 
tem. 

For the reaction 


M2(g)+Y2(g) =2MY(g), (1) 


we have’ 
KK’! = (Iuy*)?/ (I ut) (Iy,*). 


Experimental values of K’ for several systems are 
given in Table I. Each values listed is an average of 
several determinations taken over a large range of 
condensed phase composition. For the Bi—Se system 
this corresponds to a change in the melt from selenium 


rich to bismuth rich. Values of AH for reaction (1) were 
determined from the free energy increments computed 
from K’ and calculated values of AS. These latter values 
were obtained by assuming cancellation of vibrational 
and rotational terms (except for symmetry). The en- 
tropy increments thus contain only translation, sym- 
metry and electronic terms. The latter were taken as 
Rin3 and Rin2 for Y2(g) and MY (g), respectively. No 
electronic contribution was included for the Te—Se 
reaction. Dissociation energies for MY(g) molecules 
have also been calculated by combining spectroscopic 
or thermochemical values‘ for M2(g) and Y2(g) with 
values of AH in Table I. It is to be noted that for all 
systems for which data have been obtained, the approxi- 
mation Dy (MY)=3*Do(M2)+4Do(Y2) is good to 
within 0.1 ev. 

The Sb—Se and Sb—Te systems were found to be 
considerably more complicated in their vaporization 
behavior due to the polyatomic species in high concen- 
tration (i.e., Sbs(g), SbeSe2z, or SbeTe2:). The thermo- 
chemical data for SbTe(g) in Table I are thus perhaps 
somewhat more uncertain than that for the other mole- 
cules since Sb:+ may originate partially by dissociative 
ionization of polymeric species. These systems will re- 
quire extended investigations. 

We wish to thank Mr. E. Zeller for assistance with 
these measurements. 


* This research was supported by the United States Air Force 
through the Air Force Office of Scientific Research of the Air 
Research and Development Command under Contract No. AF 
18(603)-1 and Contract No. AF 49(638)-480. 

1 J. Drowart and P. Goldfinger, J. Chim. Phys. 55, 721 (1958). 

2 R. F. Porter and R. C. Schoonmaker, J. Phys. Chem. 62, 234 
(1958). 
3R. C. Schoonmaker and R. F. Porter, J. Chem. Phys. 30, 283 

1959). 

4 Spectroscopic values of 2.8 and 2.3 ev were used for Sez and 
Tez, respectively. See A. G. Gaydon, Dissociation Energies and 
Spectra of Diatomic Molecules (Chapman and Hall, Ltd., London, 
1953). For Sbe the recent value of AHo°=70.6+1.5 kcal/mole Sb2 
was used. See DeMaria, Drowart, and Inghram, J. Chem. Phys. 
31, 1076 (1959). For Big the dissociation energy was redetermined 
from Bit/Bi;+ measurements with pure bismuth. At 1055°K we 
observe Bit/Bi,+= 1.33 for 100-volt ionizing electrons. Using the 
vapor pressure of Bi(g) tabulated by Stull and Sinke,’ assump- 
tions used in similar calculations,* and heat content and entropy 
functions® for Bi(s, 1), Bi(g), and Bis(g), we obtain for Bis(g)=2 
Bi(g), AEo°=43.0+1.5 kcal/mole Biz or D°(Bi2) = 1.87+0.07 ev. 

5D. R. Stull and G. C. Sinke, Thermodynamic Properties of the 
Elements Advances in Chemistry Series (American Chemical So- 
ciety, Washington, D. C., 1956). 

6 35) F. Porter and R. C. Schoonmaker, J. Phys. Chem. 63, 626 
1959). 
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Transient Species in the Flash Photolysis 
of Halogens in Solution* 


N. K. Briwcef 
Chemistry Division, Argonne National Laboratory, Lemont, Illinois 
(Received November 2, 1959) 


URING a study of the radicals produced by flash 

“photolysis of aqueous halate solution,! some very 
interesting, short-lived (<60 sec), and sometimes 
intense transients were detected on flashing the corre- 
sponding halogens separately in carbon tetrachloride, 
hexane, and normal sulfuric acid. They appear despite 
the fact that no permanent change can be detected in 
some cases (iodine in all solvents) and very little in 
other cases (bromine in CCl, and NH.SO,). Table I 
summarizes the results obtained. 

Since, in addition, neither solvent or oxygen have a 
marked qualitative effect on the system it is difficult to 
decide which species produced can be absorbing light 
in this region of the spectrum. Solvent impurities seem 
unlikely as, in the case of the I, (Merck Reagent 
resublimed) in CCl, experiment, great care was taken 
to purify and introduce the iodine into the system before 
rigorous degassing according to the method described 
by Strong and Willard.” Solvent photolysis could not be 
detected and was in fact guarded against by interposing 
1 cm of potassium acid phthalate filter solution’ (cutoff 
300 my). 

It can be seen from the table that all the transients 
have the same general characteristic, namely, increased 
absorption in the region below approximately 350 mu. 
In the case of Br. in N sulfuric acid and I; in hexane 
there are definitely peaks at 330 my and possible peaks 
in the same region for Br2 in CCl, and in hexane 
(obscured, however, by the continuous absorption). 
The strongest transients were found in NH2SO, and 
hexane for Bra, and in hexane for I, though this is 
probably due in part to differences in halogen concen- 
tration. 


TABLE I. Changes in halogen solutions on flashing in air. 
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These concentrations are approximately 10-100 times 
greater than those of Strong and Willard and, in addi- 
tion, since, using the flash spectrophotometric tech- 
nique, they observed only at the wavelength at which 
the halogen absorbs, it is not surprising that they did 
not detect these transients. The transient disappearance 
and reappearance of I, due to I-atom formation and re- 
combination? was satisfactorily detected in all these 
solvents. 

It was further found that flash wavelength altered the 
transient production in hexane; wavelengths of less than 
410 my were less effective than those greater than 350 
mu. Hence the visible absorption bands (!2,+—*Ilh., 
IIo,+) of the halogens are presumably responsible for 
the photoactivity. Using the technique of flash spec- 
trophotometry,! the Brz in CCl, transient was followed 
at 313 my and found to last no longer than the flash 
(<~20 yusec—although its peak lagged the flash peak by 
6 usec), and the transient from I, in hexane behaved 
similarly at 330 mu (with a lag of ~8 psec). The 
NH,SO, transients lasted longer—approximately 50 
usec. 

The identification of these species is not obvious. The 
fact that they are so short-lived and appear when no 
reaction with the solvent is apparently taking place 
suggests that they are due to some modified halogen 
species. Perhaps under these conditions of intense irradia- 
tion they are an unusual halogen species such as X2** 
or X3.‘5 In the first case, it may be that a sufficient num- 
ber of Br2 or I; molecules are maintained in the excited 
'[Ip.* state during the flash for their further transition 
to the higher *IIp,+ state to be detected. This would 
correspond to an energy absorption of 29 318 cm—!,°i.e., 
340 my, approximately the region observed. (Assuming 
the average rate of light absorption is at least 2X10-* 
Nhv/ysec, then for 50 ml this corresponds to I,* being 
produced at the rate of 4X10-*M/ysec. For a 10~7 sec 
lifetime, the steady-state concentration would then be 
4X10-*M and a molar extinction coefficient e~10* 
would be adequate.) The second possibility has been dis- 


‘ 





Unknown transient absorption 


Solution Br: I; 


Halogen permanent change 
Br: I, 


Halogen transient change 
Bre I, 





NH.SO,* 
bests 2X10“*M 
I, ]=7X10°M 


CCLe 
Br J=5X107M 
I.]=4X10-“M 


Hexane® 
bess 1.5X1034M 
I, ]=8X10“°M 


Strong, 
max at 
70 psec 


Medium, 
max at 305 myu(?) 
™flash time 


Weak, continuous 
below 280 mu 
60 usec 


my 


Weak, continuous 
below 280 mu 
™flash time 


Strong, 
max at 290 my? 
™flash time 


Strong, 
max at my 
™flash time 


very small none obscured by 


transient 


medium 


large very doubtful yes 





® Br in NH2SOx; saturation of the solution with Nz or O: or rigorous degassing had qualitatively no effect. 
b Clzin CCla; no transient, marked permanent destruction of Cle. CCl« was Mallinckrodt AR low sulfur grade; saturating with O2 or N: or rigorous degassing had 


qualitatively no effect. 
© Hexane: spectroscopic grade. 
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cussed in detail recently by Bunker and Davidson.® 
In this case if we assume for a 3X10~ M I, solution 
that of the molecules one-third on flashing are dis- 
sociated into I atoms, then the foregoing authors’ 
equilibrium constant for I;—obtained, however, in the 
gas phase—leads to an I; concentration of 6X10~7M. 
To detect this, e will be approximately 10‘. (Is- and I;- 
have values greater than this.) The fact that the trans- 
ients in NH2SO, last longer than the I-atom recombina- 
tion time suggests that yet another species may be 
present here. 

The foregoing observations, if substantiated, are 
clearly of importance since, taken in conjunction with 
the work on halogen atom recombination already re- 
ferred to?*° they open up a new field of study for halo- 
gen atom or excited halogen molecule reactions in solu- 
tion. 

The author is greatly indebted to Dr. M. S. Matheson 
for helpful comments and the use of the flash photolysis 
apparatus, also to the British Rayon Research Associa- 
tion for giving him a leave of absence. 


* Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

t Present address: British Rayon Research Association, Heald 
Green Laboratories, Wythenshawe, Manchester 22, England. 

1 N. K. Bridge and M. S. Matheson (to be published). 
a9 sD L. Strong and J. E. Willard, J. Am. Chem. Soc. 79, 2098 

3 P. Pringsheim, Fluorescence and Phosphorescence (Interscience 
Publishers, Inc., New York, 1949), pp. 165, 212. 
(198s) L. Bunker and Davidson, J. Am. Chem. Soc. 80, 5090 

5 Christie, Harrison, Norrish, and Porter, Proc. Roy. Soc. 
(London) A231, 446 (1955). 

* G. Herzberg, Diatomic Molecules (D. Van Nostrand Company, 
Inc., Princeton, New Jersey, 1950), second edition, p. 541. 





Formation of Excited NO and N, 
by Wall Catalysis* 


RosBert R. Reeves, GENE MANNELLA, AND PauL HARTECK 


Chemistry Department, ‘Rensselaer Polytechnic Institute, 
Troy, New York 


(Received November 19, 1959) 


ITROGEN, after passing through a condensed dis- 
charge, emits the well-known ist positive system 

of the nitrogen afterglow. Similarly, dissociated oxygen, 
due to the presence of minute amounts of NO, will emit 
the oxygen afterglow. The kinetics of recombination 
and light-emission processes of both these species are 
known. Work has been under way in our laboratory to 
develop methods of determining N- or O-atom concen- 
trations by titration methods.'* A further refinement of 
these techniques permitted titration of N- and O-atom 
streams that were formed in separate discharges and 
then mixed. If this streaming mixture of N- and O- 
atoms (plus argon and undissociated Nz and Oz) was 
passed over a small sheet of Ni, Co, or in some cases 
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Ag, a bright reddish light emission was observed in the 
gas phase adjacent to the metal and extending out 
several millimeters. Decreasing the total pressure caused 
the glow to grow outward, indicating the active species 
were diffusing farther from the metal surface. The glow 
was about as bright as the discharge itself and much 
brighter than the N-atom or O-atom afterglows. 

The light emission resembled a corona discharge in 
appearance}; however, no actual discharge existed. The 
color of this emission varied with N-atom to O-atom 
ratio: a high ratio gave a more reddish glow, while a low 
ratio gave a bluish glow. From observation of the thick- 
ness of the glow, the lifetime of the excited species was 
estimated to be 10~* sec. Spectrographic analysis showed 
the 1st positive system of nitrogen and the 8 system of 
NO. However, the intensity distribution in the nitrogen 
spectrum observed was not the same as that occurring 
in the normal afterglow with no metal surface present. 
Also, only 8 bands of NO were observed whereas N- 
atoms and O-atoms recombining in the gas phase are 
observed to produce both 6 and vy bands. 

This luminosity could not be produced with Ni or 
Ag using nitrogen atoms or oxygen atoms alone.t The 
emission began at once when both species were present 
and was observed for hours without any significant 
change in intensity. By observing the intensity of the 
normal afterglow upstream and downstream from the 
metal surface, it appeared that this luminosity did not 
consume a major fraction of the atoms, showing that 
this effect occurs with a substantial radiation efficiency. 

Since the emissions required the presence of both N- 
and O-atoms, it appears that the O-atoms are not only 
required for the formation of NO, but are also involved 
in the emission by the nitrogen. The mechanism we 
favor is 


N(4S)+0(?P)—-NO(B “I1) forms on the wall and 
goes into the gas phase, 
NO(B "II)—>NO(X 211) +/0(6 bands), 


(1) 
(2a) 


NO(B*II)+N (*S)—-N2(B*llg)+O0(?P), (26) 
N2(B *IIg)—>N2(A *2,*)+0(Ast. pos. system). (2c) 


The upper energy level for NO(B "II) is limited to the 
recombination energy of NO (Dyo=6.5 ev) minus the 
adsorption energy of the N- or O-atoms and the energy 
transfer to the wall. The most prominent bands of NO 
observed are from the B’II state in the zero vibrational 
level, about 5.59 ev excitation. The calculation for the 
energy relations for 


N (4S)+NO(B Il) eno 0 (*P) +N2(B *Ig) o=8(3) 


gives an almost thermally neutral balance since the 
N2(B *Ilg) has 8.94 ev in the 8th vibrational level. Our 
spectrograms indicate that bands for the 85 (6469 A) 
and 8—4 (5959 A) transitions are the most intense. In 
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the normal afterglow, these bands are very weak and 
the 12—-+7 (5375 A), 11-+7 (5804 A) and 11-6 (6252 A) 
are most prominent. 

We therefore assume that primarily excited NO forms 
on Ni, Co, or Ag surfaces and that this NO (BI) can 
either emit light or react with N atoms which will in 
turn emit light. It is very striking, that electronically 
excited systems are formed on the wall without becom- 
ing deactivated during the formation process. It should 
be mentioned that the luminosity produced by Ni, Co, 
and Ag are basically the same but somewhat different in 
color. This is possibly due to different energy transfer 
to the wall during the formation process. 

To our knowledge, such an effect has not been re- 
ported in the available literature. 


* The research reported in this document has been sponsored 
by the Geophysics Research Directorate of the Air Force Cam- 
bridge Research Center, Air Research and Development Com- 
mand under Contract No. AF19(604)-2205. 
(19s Reeves, and Mannella, J. Chem. Phys. 29, 608 
? Reeves, Manella, and Harteck, J. Chem. Phys. 32, 632 (1960). 
{ Coe photos are available to interested colleagues. 
A glow of lesser intensity was observed with Co in a stream 
of N atoms alone. 





Proton and B'! Magnetic Resonance of 
Borazole 


Kazvo Ito, Harvyuk1 WATANABE, AND Masaji Kuso 
Chemistry Department, Nagoya University, Chikusa, Nagoya, Japan 
(Received November 19, 1959) 


Eee proton and B" magnetic resonance spectra of 
borazole prepared by the reduction of B-trichloro- 


borazole with NaBH, were recorded by means of a 
JNR-3 high-resolution NMR spectrometer from Japan 
Electron Optics Laboratory Company operating at 
40 and 12.6 Mcps. The proton spectrum obtained is 
shown in Fig. 1, in which chemical shifts defined by 
5=10°(H,—H,)/H, are plotted as abscissas. Here H, 
denotes the applied magnetic field for the proton signal 
of the sample and H, is that of cyclohexane used as an 
internal standard. Corrections for the bulk magnetic 
susceptibility of the sample were not made. Dilution 
with carbon tetrachloride did not affect the spectrum 
in an appreciable manner. The signal of cyclohexane 
was identified by the increase in its intensity on further 
addition of the standard. 

The spectrum is comprised of a triplet centered at 
—4,0; and less intense broad peaks at 2.12, —1.34, and 
—8.2,. The triplet was unequivocally assigned to the 
proton signal of N“H with a spin coupling constant 
J(N“H) =56 cps, because the signal is expected to 
split into three equally spaced peaks owing to the 27+1 
orientations of an N™ spin with J=1. The spin coupling 
constant is of right order of magnitude, since the value 
for N“H; is 46 cps.? Similarly, the proton signal of 
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Fic. 1. Proton magnetic resonance spectrum of borazole. 


B"H must split into four equally spaced peaks in 
accordance with the spin J=% of B" (abundance 
81.17%). The separation, 3.45, between the two peaks 
at 2.12 and —1.3, is equal to half the difference 6.92 
between those at —1.3, and —8.2,, suggesting the 
presence of another peak at —4.8, which, although 
masked by the N“H triplet, appears as a hump between 
two peaks of the triplet. These four peaks complete 
the proton quartet of B"H with J(B"H)=138 cps. 
This assignment is also consistent with the B“ NMR 
spectrum of the same sample showing two peaks sepa- 
rated by 140 cps, in good agreement with 138 cps men- 
tioned in the foregoing. 

Two peaks at 1.4; and — 1.4, were ascribed to spinning 
side bands, because they shifted depending on the spin- 
ning rate of the sample. The origin of other weak peaks 
at —1.93 and —6.63 is open to speculation. Although 
these bands might be due to the presence of some 
impurities in the sample, because borazole gradually 
decomposes even in a sealed tube,’ a possible interpre- 
tation is afforded by the proton signal of B"H. If the 
peak at —6.63 is assumed to be the outermost one of 
seven peaks predicted for the signal of protons bonded 
to B” (abundance 18.83%), one obtains J(B"H) =48 
cps in good agreement with 46 cps calculated from 
J(B"H) mentioned in the foregoing, and the peak at 
—1.9, may be considered to be another member of the 
septet. Three peaks between these two will escape 
detection owing to overlap with the strong N“H 
triplet. However, the last two peaks expected to appear 
at —0.7 and +0.5 have not been observed. 

The proton chemical shifts —4.0; and —3.0, of 
NH and BH in borazole, as referred to cyclohexane, lead 
to about —0.7 and +0.3, respectively, referred to water 
as a standard.‘ The former differs definitely from the 
6 values 4.3-4.5 for secondary alkyl amines,’ and is 
intermediate between about 2.0 for secondary aryl 
amines’ and about —2.1 for pyrrole.‘ This is quite 
reasonable since nitrogen atoms in borazole assume sp” 
hybridization and z electrons are presumed to migrate 
to some extent from nitrogen to boron.* The chemical 
shift and the spin coupling constant J(B"H) of a BH 
proton, +0.3 and 138 cps, in borazole are closer to those 
of a terminal proton, +2.0 and 125 cps, in diborane, re- 
spectively, than those of a bridge proton, +6.3 and 43 
cps, in the same molecule.® 
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We wish to thank Dr. T. Seki of Japan Electron 
Optics Laboratory Company in Tokyo for recording 
the high-resolution NMR spectra. 


- ~ Watanabe and M. Kubo, J. Am. Chem. Soc. (to be pub- 
ished). 

2 R. A. Ogg and J. D. Ray, J. Chem. Phys. 26, 1515 (1957). 

’ Schaeffer, Steindler, Holnstedt, Smith, and Schlesinger, 
J. Am. Chem. Soc. 76, 3303 (1954). 

‘Pople, Schneider, and Bernstein, High-Resolution Nuclear 
Magnetic Resonance (McGraw-Hill Book Company, Inc., New 
York, 1959). 
a9 eat Saika, and Gutowsky, J. Am. Chem. Soc. 75, 4567 

° B. L. Crawford, Jr., and J. T. Edsall, J. Chem. Phys. 7, 223 
(1939); C. C. J. Roothaan and R. S. Mulliken, ibid. 16, 118 
(1948); Rector, Schaeffer, and Platt, ibid. 17, 460 (1949). 





Centrifugal Distortion in Symmetric Top 
Molecules* 


Mavrice W. Lonc 
Georgia Institute of Technology, Atlanta, Georgia 
(Received October 21, 1959) 


FFECTS of centrifugal distortion are expressed!” 
by the distortion coefficients D, and D,x in 


f/2(J+1) = B—DyxK*—2D,(J+1)*. (1) 


A recent investigation’ of quadrupole interaction for 
three nuclei of spin $ has revealed that, for the J=2—3 
rotational transitions and K=1, 2, the Djx of CFCI;*® 
and CHC1;* are —196+6 kc and —201+:3 kc, respec- 
tively. In addition, calculations based on the K=1 
lines, the J=1—2 data, and the J=2—3 through 
J=6-—7 data for CFCl; yield for D; the values —24+2 
ke, and —14 kc, —9 kc, —6 kc, and —4 kc with proba- 
ble errors less than 1 ke. Similar calculations with the 
J=1—2 and J=2-—3 data for CHCl; yield D;= 
—14.5+0.7 kc; the J=1—2 and J=6—7 data for 
CHC; yield Ds=—1.8+0.1 kc. 

The sign of every Djx given by Townes and 
Schawlow? for XYZ; molecules is positive and the sign 
of every Dsx given for XY; molecules is negative. The 
Dyx reported above for CFCl;* and CHCI;* are, how- 
ever, negative. It is interesting that the centers of mass 
of the previously reported XYZ; molecules are outside 
the “umbrella” and the centers of mass of CFC, 
CHCl, and XY; molecules are within the umbrella. 
The negative values of D; for CFCI;* and CHCI,;* are 
also interesting because previous investigations have 
yielded only positive values and some authors? have 
surmised that D; must be positive. 

Changes in the calculated D; with J suggest a de- 
pendence of quadrupole coupling constant on J due 
to molecule distortion. However, relatively large changes 
in the quadrupole coupling constants would be required 
to produce substantial changes in D,;. Quadrupole 
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coupling constants for both CFCl; and CHCl; were 
determined from the J=1-—2 and J=2-— 3 spectra; 
no dependence on J was found. Because of the fore- 
going conditions, it was assumed that the quadrupole 
coupling constants are independent of J. 

The rotational energy of a rigid symmetric rotor is 
given by 


E=h{BJ(J+1)+(C—B)K*], (2) 


where C=h/(82°I.) and B=h/(82*J») ; Jc is the moment 
of inertia about the molecular symmetry axis and J, 
is the moment of inertia about another principal axis. 
The result of using Eq. (2) with the selection rules 
AJ=+1, AK=0 is 


f/2(J+1) =B+6B[1+ (J/2)] 
+[K?/2(J+1)](6C—6B), (3) 


where 6B= By4;— B, and 6C=Cy4:—Cy. We expect 6B 
to be negative because centrifugal distortion due to 
rotation about a given axis should tend to increase the 
moment of inertia about that axis. If D,; and Dyx are 
negative as determined experimentally for CFCls and 
CHCl;, f/2(J+1) is greater than B. Then for K=1, 
2 and J>1, f/2(J+1) can be greater than B only if 
5C is positive. 5C would be positive if J. were reduced 
by an increase in the angular momentum perpendicular 
to the molecular symmetry axis (increase J, K fixed) 
by a reduction of the angle C!—C—Cl and little in- 
crease in the C—Cl distance. This would be similar to 
reducing the moment of inertia about the symmetry 
axis of an umbrella by increasing angular momentum 
perpendicular to this axis. From Eq. (1) it may be seen 
that for K fixed a negative value of Dy; is associated 
with an increase of f/2(J+1) with J. Although 6C 
and 6B are expected to be functions of J, the factors 
[1+ (J/2)] and 1/(J+1) in Eq. (3) will tend to de- 
crease D, numerically with increase in J if D; and Dix 
are negative; this effect was observed for CFCl; and 
CHCl. ; 

The XYZ; molecules CFCl; and CHC]; have negative 
values of Djx and negative values of D,. For XY; 
and XYZ; molecules, reported values of Dix are nega- 
tive for molecules with center of mass within the um- 
brella and are positive for molecules with center of mass 
outside the umbrella. Dy; is generally called a centri- 
fugal distortion constant but D; depends on J for the 
low J-value data considered herein. It seems that the 
negative D,; values for CFCls and CHCl; are caused by 
reduction of moment of inertia about the molecular 
symmetry axis with increased angular momentum J. 


* Supported by the Office of Naval Research. 
( 93). Slawsky and D. M. Dennison, J. Chem. Phys. 7, 509 
1939). 
2C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Pec eo Inc., New York, 1955). A ty 
graphical error exists in Tables 3-7 and Appendix VI in the sign 
of Dyx for AsF3. 
3M. W. Long, Technical Report No. 1, Contract No. Nonr- 
991(07), June, 1959; ASTIA No. AD 216 615. 
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Zone Refining and Chemical Analysis of 
KCI and KBr* 


Scott ANDERSON, JOHN S. WILEY, AND LLoyp J. HENDRICKS 
The Anderson Physical Laboratory, Champaign, Illinois 
(Received October 13, 1959) 


PON initiation of our alkali halide purification 
program, we desired an accurate and complete 
chemical analysis of representative samples of the best 
salt commercially available. It was concluded that the 
most sensitive and probably most nearly complete 


TaBLE I. Results of neutron activation analysis.* 





Elements definitely present 


KCl conc. 
ppm 


KBr conc. 


Element ppm 





72.5 pay 
<0.1 <0.1 
<0.1 <0.1 
32 32 

ae <0.1 
<0.1 <0.1 

1-2 1-2 
0.46 0.45 


Elements probably present in both KBr and KCl 
<0.1 ppm 
Ag, Si, Ta, W, Ti, Fe, Cr, Ga, Hf, In, Sc, Th, U, V, Y, Zr, Rare 
earths, Ca, Ba, Sr, Mg, P. (KCI only; for KBr P content see 
above.) 
Elements probably present in both KBr and KCl 
<0.01 ppm 


Cu, As, Au, Bi, Cd, Ge, Hg, Ir, Os, Re, Mo, Pd, Pt, Ru, Sb, Se, 
Te, Sn, Co, Mn. 





® Executed by Dr. G. W. Leddicotte, Oak Ridge National Laboratories. 


technique is that provided by neutron activation. 
National Laboratories was asked to execute the analy- 
Therefore, Dr. G. W. Leddicotte of the Oak Ridge 


TaBLe II. Impurity concentration in zone refined reagent grade KCl. N.D. means impurity not detected; .. 
was 
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sis on samples of Harshaw KCl and KBr. Since Harshaw 
supplies much of the salt used in American laboratories, 
it is believed that Dr. Leddicotte’s results will be of 
interest. 

The results of the neutron activation analyses are 
divided into two major groups. These groups are (1) 
elements definitely present; and (2) elements probably 
present. The second group is again divided into two 
subgroups: (2a) elements probably present in concen- 
trations less than 0.1 ppm, and (2b) elements probably 
present in concentrations less than 0.01 ppm. The ele- 
ments for which no analysis was made are Al, B, F, I, 
Li, Pb, and Tl. These data are presented in Table I. 

Duerig and Markham! have reported some spectro- 
chemical analyses on other samples of Harshaw salt. 
Their spectrochemical results are from 10 to 100 times 
that found by neutron activation. It may be said that 
the concentration of many elements varies between 
samples of Harshaw salt depending upon the region of 
the boule from which the samples are taken, but even so, 
their results are higher than the concentration of most 
impurities in salt currently available from Harshaw. 
Moreover, they point out that their values are only 
qualitative and that further analyses are required. Our 
own spectrochemical results with present-day Harshaw 
salts are more nearly in accord with the activation 
analysis. 

In numerous zone-refining experiments, the only 
normal impurity elements in reagent grade KCl found 
to segregate well are Ag and Na. Analyses of two in- 
gots of KC] are summarized in Table IT. One ingot was 
subjected to two zone passes and the other to four zone 
passes. Spectrochemical analyses were performed on 
the first zone length, the 5th zone length, 9th and 10th 
zone lengths as a unit, the last 3 of the 10th zone length, 
and the condensate on the walls of the container. The 
limit of sensitivity for Ag is 0.5 ppm. Consequently, 
after four zone passes, the only place Ag could be de- 
tected was in the last two zone lengths, but to the ac- 
curacy of these measurements 100% of this element was 


. Means no determination 
e. 





oO. 
zone 
passes 


Original 
ppm 


zone 
ppm 


zone 


Element ppm 


ist Sth 9thand 10th 
zones 


ppm 


Last 3 10th zone 


% total 
impurity 


Condensate 
on wall 


ppm ppm 





Ag 2 ND. 0.5 


2 N.D. N.D 


250 150 
250 90 


11 
21 16 


Na 
2 
9 
2 2 
2 
1 


300 
200 
1 


Cu 


2 
2 


Pwo PH FH LH LEY 


6 31 44 2 
7.5 56 93 


550 
1500 


19 
10 


2 
2 


N.D. 
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concentrated into these two zones and 93% was in the 
last 3 of the last one. A practical segregation coefficient 
for Ag in KCl is 0.09. 

Sodium moves less dramatically but very definitely 
by zone melting. As is evidenced by the increased con- 
centration in the wall condensate some sodium is re- 
moved by evaporation. Due to this fact, it is difficult to 
calculate a practical segregation coefficient, but it is 
probably of the order of 6.4. 

It is noted that in all sections the concentration of 
Cu, Al, and Fe is less after zone melting than originally, 
and that their concentrations in the wall condensate 
are very high. Evidently, these elements as well as 
sodium are removed from the boats by differential 


evaporation. Silver evaporates at about the same rate 
as the KCl. 


* Work performed under the sponsorship of the U. S. Atomic 
Energy Commission. 


1W. H. Duerig and J. J. Markham, Phys. Rev. 88, 1043 (1952). 





Radiolysis and Bond Stability of Squalane 


Heo YAMAZAKI AND SHojI SHIDA 
Laboratory of Physical Chemistry, Tokyo Institute of Technology, 
Ookayama, Meguro-ku, Tokyo, Japan 
(Received October 26, 1959) 


LTHOUGH a number of investigations have been 
made on the radiolysis of liquid paraffins of low 
molecular weight! and that of high polymers such as 
polyethylene,” relatively few studies have been made 
of hydrocarbons of intermediate molecular weight. 
In view of the bond stability, the gaseous products 
from the radiolysis of squalane CzoH¢2 were studied. 
The pure squalane sample (made by the Riken Seiyu 
Company) used in this experiment showed no residual 
double bond absorption in its infrared spectrogram, 
and the molecular weight measured by boiling point 
elevation for benzene solution was 420+10. The sam- 
ples were irradiated in vacuo by Co ¥ rays with total 
dosage, 3X10°~3X10"r, at a dosage rate of 6X10 
r/min. The noncondensable gaseous products at liquid 
nitrogen temperature, hydrogen plus methane, were 
collected with a Toepler pump, measured by a micro 
gas burette, and analyzed by selective oxidation with a 
heated tube of cupric oxide. The condensable gases 
were passed into gas chromatographs. Each fraction 
showing a peak in the chromatogram was trapped 
separately and analyzed with a Hitachi RMU-5 type 
mass spectrometer. The G values and the relative reten- 
tion time of the products identified are shown in Table 
I. As is shown in this table, the G value of hydrogen 
production is 3.4 at a dosage of 3X10’r. However, a 
gradual increase was observed at lower dosages, as 
observed in the radiolysis of cyclohexane.’ The G 
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TaBLE I. The G values and relative retention time of gaseous _ 
products in the radiolysis of squalane. 





Products G values 


Relative retention time 





hydrogen 
methane 
C, 
propane 
propylene 
isobutane 
other Cy 
ntane 
exane 
octane 
octene 
nonane 


soasesoreee~ 

Serhggegass 

AES he 

BSSEST TESS: : 
e 





® Measurement made using a 10-m column with benzylether operated at room 
temperature. 


b Measurement made using a 3-m column with high vacuum oil operated at 
78°C. 


values of C;, C3, Ce, and Cs products are larger than 
those of C2, Cs, Cs, and Cy products to the order of 
magnitude. 

The cracking pattern of the mass spectrogram of 
individual products indicated that the pentane, hexane, 
and octane in the products are 2-methylbutane, 2- 
methylpentane, and 2-methylheptane, respectively. 
If we consider the experimental facts that C2 and C; 
fractions are negligibly small and that the structure of 
each product coincides with that of a corresponding 
part of the original molecule, the gaseous products 
may come simply from the fracture of the C—C bonds 
of squalane. Thus, production of these products by 
secondary reaction between free radicals may be ig- 
nored. As a theoretical approach to this problem, the 
bond energies in the squalane molecule were calculated 
by means of the Brown method.‘ The result is shown in 
Fig. 1 which indicates that the C—C bonds with lower 
bond energies are preferentially fractured and yield 
products of high G value. The formation of unsaturated 
products such as propylene and octene may result from 
the removal of hydrogen in the weaker C—H bond 
adjacent to the C—C bond fractured. The methane 
produced may come from eight methyl groups in a 


Ci Cs Ca Cs Co Ca Co 


Fic. 1. Bond energies (kcal) of a part of a squalane molecule 
as calculated by the Brown method, and reduced G values G/N 
of the corresponding products. N denotes the number of C — 
groups in the squalane molecule. 
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squalane molecule, and the considerably large G value 
of this product is reasonable. 

Apart from the mechanism in radiolysis, bond energy 
calculations show that a difference of only two kcal in 
bond energy is associated with a factor of ten in G 
value. A similar phenomenon was also observed in the 
case of the ionization of gases by electron impact.® 


1H. A. Dewhurst, J. Phys. Chem. 61, 1466 (1957); H. A. 
Dewhurst, J. Am. Chem. Soc. 80, 5607 (1958). 

2A. Charlesby, Proc. Roy. Soc. (London) A215, 187 (1952); 
A. Charlesby, ibid. A222, 542 (1954). 
as et Hardwick, and Nejak, J. Chem. Phys. 30, 601 

*R. D. Brown, J. Chem. Soc. 1953, 2615. 

5 Wallenstein, Wahrhaftig, Rosenstock, and Eyring, Symposium 
on Radiobiology (John Wiley & Sons, Inc., New an i050 be 70. 





Paramagnetic Susceptibility of 
Polycrystalline Thulium from 
300 to 1500°K 
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IHE 4f electrons in the rare earth metals make 

them an attractive series for studying the relation- 
ship between the electronic structures and the physical 
properties. Much experimental work has been done on 
these metals at low temperatures. However, their high 
temperature properties have not been that completely 
explored. This note reports for the first time measure- 
ments on the magnetic susceptibility of thulium from 
about 300 to 1500°K. 

Polycrystalline thulium (99.0+%) was purchased 
from the Lindsay Chemical Division of the American 
Potash and Chemical Corporation. According to the 
supplier, this material was 99.9% pure with respect to 
other rare earths and no iron was detected in it. The ma- 
jor impurities were tantalum, calcium, oxygen, and 
magnesium. Four samples, each having a mass of about 
5g, were prepared from the polycrystalline material. 
Each sample was wrapped with a tantalum foil and 
enclosed in an evacuated silica capsule. The magnetic 
susceptibilities were measured using the Faraday meth- 
od with an experimental error of about +3%. 

The inverse magnetic susceptibility vs temperature 
data (which have been corrected for the diamagnetism 
of the silica capsule and of Tm* ions) are shown in 
Fig. 1. The Weiss-Curie law, x (T—17.4) =4.37X 107, 
where x is the mass magnetic susceptibility and T 
the absolute temperature is satisfied between 300 and 
1500°K. The paramagnetic Curie temperature 0,= 
17.4+0.5°K and the Curie constant C=(4.37+ 
0.13) X10-* cm*°K g~! were determined from the 
experimental data using the method of least squares. 
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Fic. 1. Inverse paramagnetic susceptibility of Tm as a func- 
tion of temperature. 
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The effective Bohr magneton number corresponding 
to the measured Curie constant C is perr=7.68+0.10. 
The magnetic moment of Tm* ion expressed in the 
Bohr magnetons with the electron configuration 4f” 
in the ground state *Hg is 7.56.'* Thus the tripositive 
ion model is a fairly good approximation for the para- 
magnetic behavior of metallic thulium. The unfilled 
4f shell of a thulium atom apparently is not much 
disturbed by the surrounding atoms. Also the Tm** 
ions even at 1500°K are in the ground state *Hg. 

The only known previous work on the magnetic be- 
havior of metallic thulium is due to Klemm and Bom- 
mer,’ Rhodes e al.,4 and Leipfinger.6 Klemm and 
Bommer used a mixture of powdered Tm and KC1 for 
their paramagnetic investigations covering tempera- 
tures between 90 to 291°K. Rhodes ¢ al. studied poly- 
crystalline thulium from liquid helium to room temper- 
atures. They found that thulium is strictly paramagnetic 
from room temperatures down to 60°K and possibly 
antiferromagnetic below 51°K. From the fact that the 
4.2°K magnetic isotherm fell below that at 20.4°K, 
they concluded that thulium does not become ferro- 
magnetic. Leipfinger’s work was also on polycrystalline 
thulium. He found that the magnetic isotherms between 
2 and 20°K were similar to those of a normal ferro- 
magnetic substance and hence he concluded that thul- 
ium is ferromagnetic at these temperatures. It appears 
that the question of the existence of ferromagnetism in 
thulium is not completely settled yet. It is possible that 
the discrepancies between the work of Rhodes e al. and 
of Leipfinger may be due to the influence of impurities 
at low temperatures on the crystalline field splitting. 

The present investigation of the magnetic behavior 
of polycrystalline thulium above room temperature is 





952 


Taste I. Comparison of the results of this study with magnetic 
susceptibility data of other investigators. 





Temperature 
range (°K) 


i Meft (Bohr Op 
Investigator magnetons) (°K) 





Klemm and Bommer® 

Rhodes, Legvold, and 
Spedding 

This investigation 


90-291 
60-300 


300-1500 


7.6 10 
7.6 20 


7.6840.10 17.4+0.5 








compared with the previous low temperature work men- 
tioned in the foregoing in Fig. 1 and Table I. The agree- 
ment is satisfactory. 

Acknowledgments are due A: D. Damick and L. 
Zwell for technical assistance, and D. S. Miller, M. J. 
Marcinkowski, R. A. Oriani, and S. Legvold for helpful 
discussions. 


1J. H. Van Vleck, The Theory of Electric and Magnetic Sus- 
ceptibilities (Oxford University Press, New York, 1932), p. 243. 

2W. Kauzmann, Quantum Chemistry (Academic Press, Inc., 
New York, 1957), p. 367. 

3 W. Klemm and H. Bommer, Z. anorg. u. allgem. Chem. 231, 
138 (1937). 

4 Rhodes, Legvold, and Spedding, Phys. Rev. 109, 1547 (1958). 

5H. Leipfinger, Z. Physik 150, 415 (1958). 





B”" Nuclear Magnetic Resonance Spectrum 
of the “Diammoniate of Diborane”’ 
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(Received November 3, 1959) 
HE structure of the “diammoniate of diborane” 
has been the subject of much controversy.! Re- 


cently R. W. Parry and collaborators in a series of 
papers“ presented evidence in favor of structure I: 


+ 


NH; 
‘87 
Y hie. 
NH; 


I 


Since this structure requires two different types of 
boron atoms, chemical shifts would be expected to occur 
in the B" NMR spectrum, along with splitting of the 
boron resonance lines due to B'—H spin-spin coupling. 
In an effort to confirm its structure the “diammoniate 
of diborane” was prepared according to Parry and 
Shore* and its spectrum in liquid ammonia solution 
(sealed tube) was taken immediately afterwards at 
room temperature with a Varian high-resolution NMR 
spectrometer operating at 12.83 Mc. 


LETTERS TO THE EDITOR 


| 


(A) 
Fic. 1. The B" NMR spectra 
of “diammoniate of diborane;” 
6 values relative to BF;- 
Et,0*. (A) partial saturation; 


Osrks)  Crts.s (B) saturation minimized. 


(B) 


1: 2:119:4:6:4:1 
MH +Y_ 


TRIPLET QUINTET 


The B" NMR spectrum of the “diammoniate of 
diborane” given in Fig. 1 is composed of a 1:2:1 triplet 
and a 1:4:6:4:1 quintet which can be established by use 
of a saturation technique. By changing the radio- 
frequency power to satisfy the conditions of partial 
saturation, one can diminish the signal intensity of the 
quintet relative to that of the triplet [Fig. 1(A) ] be- 
cause of the difference in relaxation times. At an opti- 
mum radio-frequency power [Fig. 1(B)] saturation 
effects are minimized and the signal intensities of the 
quintet and the triplet become nearly equivalent. 

The spin coupling constant of the quintet, J=80 
cps, is comparable to that of the borohydride ion (viz., 
NaBHy, J= 82 cps; LiBHy, J=75 cps),? and its 
chemical shift, 5=+39.3,3 also is in the region char- 
acteristic of borohydride ion (viz., NaBHy, aq soln, 
5=+38.7; LiBHy, ether soln, 5=+38.2).? The triplet, 
J=120 cps, is characteristic of a boron bonded to two 
hydrogens [BH: of tetraborane, J=123 cps?; H»BN- 
(CHs)2, J=110 cps]. The position of the triplet, 
5=+14.6, is adequately within the region assigned to 
the tetrahedral boron atom? and not unreasonable for 
H:B(NHs)2+ which would be expected to occur in the 
region of tetrahedral boron atoms with similar ad- 
jacent atoms, e.g., H3BNH(CHs)2, 6=+15.1; H-BN- 
(CHs)2 dimer, 6=—6.0. 

The above NMR data corroborate the presence of 
H.B(NHs3)2*+ and BH¢ in a ratio of 1:1, and therefore 
substantiate structure I for the “diammoniate of di- 
borane.” 


* Present address: Los Angeles State College, Los Angeles, 
California. 

+ Present address: Hughes Tool Company—Aircraft Division, 
Culver City, California. 

1 (a) H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc. 60, 
290 (1938); (b) A. B. Burg, ibid. 69, 747 (1947); (c) Schaeffer, 
Adams, and Koenig, ¢bid. 78, 725 (1956); (d) Parry in collabora- 
tion with Schultz, Shore, Girardot, and Kodama, ibid. 80, 4-27 
(1958); (e) Taylor, Schultz, and Emergy, ibid. 80, 27 (1958). 

2 Onak, Landesman, Williams, and Shapiro, J. Phys. Chem. 
63, 1533 (1959). 

3§6=(H,—H,)/H,X10°. ° 

4 Williams, Gibbins, and Shapiro, Abstracts of the 135th 
Meeting of the American Chemical Society, Boston, Massa- 
chusetts, April, 1959, 38M. 
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On the Radiation-Induced Gas-Phase 
Polymerizations of Acetylene and Benzene 


A. RUSSELL JONES 


Oak Ridge National Laboratory,* Chemistry Division, 
Oak Ridge, Tennessee 


(Received August 27, 1959) 


CETYLENE gas was polymerized by irradiation 
with 1-Mev electrons from a Van de Graaff 
generator, and the infrared spectrum of the fresh 
polymer (cuprene) was examined via the K Br-pressed- 
disk technique with a Perkin-Elmer Model 21 spectro- 
photometer. 

The radiation-induced polymerization of acetylene 
to form cuprene was one of the earliest hydrocarbon 
radiolyses studied,’ and it has since been investigated 
from many points of view.2 The —Gc,n,=72 has been 
well established.* There is a linear relationship between 
the logarithm of the pressure of acetylene and the 
energy input over large pressure and dose-rate ranges. 
The reaction rate is relatively insensitive to impurities. 
The solid product is an almost-white, insoluble, in- 
fusible, and nonvolatile powder whose formula is re- 
ported to vary from (C2H2), by less than 1% of hydro- 
gen.‘ The only other characterization of the material to 
date has been the detection of crystallinity when the 
polymer is formed under special conditions.’ As ordin- 
arily formed (which includes the present work), the 
polymer appears amorphous.®:* Benzene which accounts 
for virtually all the remainder of the reacted acetylene, 
was produced with an initial G=5 in experiments in 
which the residual acetylene pressure was always at 
least 50 times as high as the amount of benzene formed.? 

The infrared absorption spectrum of cuprene (Fig. 1) 
is largely characteristic of aromaticity, indicating that 
cyclization to form the aromatic nucleus is not an ex- 
clusive property of the reaction path leading to the for- 
mation of benzene. It has been suggested’ from experi- 
ments on the rare-gas-sensitized radiolysis of acetylene 
that ionization of acetylene leads to polymerization, 
whereas cyclization requires electronic excitation of the 
acetylene, probably to a triplet state. 

The assumption of a strong tendency for the growing 
chain of conjugated double bonds initiated by energetic 
(excited or ionized)C,H2 species to cyclize to form 
aromatic rings could explain much of the information. 
The polymer’s lack of color-depth is clearly demonstra- 
tive of the absence of an extended, conjugated, alipha- 
tic system of multiple bonds (cf. carotenoids). Its 
physical properties (insolubility, infusibility, and non- 
volatility) and infrared absorption curve appear to 
describe cuprene as a three-dimensional network of 
benzenoid rings, probably joined by short, conjugated, 
aliphatic chains and acetylenic linkages, and appended 
by phenyl and HC=C—groups. The aliphatic double 
and triple bonds would account for the large affinity 
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Fic. 1. Infrared absorption spectrum of cuprene. 


which the polymer shows for oxygen (greater than 30 
weight-percent up-take of the element within 12-15 
days.® 

The formation of only one, simple, organic compound 
(and that from the trimer stage of polymerization) is 
explainable on the basis that as the chain grows from 
one C2H: unit through the trimer stage, a fraction of the 
latter in passing through a favorable configuration can 
cyclize without even rearrangement of a hydrogen 
atom. While the substance so produced, benzene, is not 
wholly inert under irradiation, its rate of disappearance 
from the gas phase is only 7; that of acetylene. This 
together with its low partial pressure in the initial stages 
of the reaction, would contribute to its accumulation. 

Aromatic cyclization at a later stage of chain forma- 
tion, for example the tetramer, could occur with migra- 
tion of a hydrogen atom to produce, for example, sty- 
rene: a compound which would certainly polymerize or 
react with the ionic and free radical species produced 
by the irradiation of acetylene. 

The electron irradiation of benzene vapor produced 
some acetylene and a polymer: yellow, sticky, sweet- 
smelling; average molecular weight reported? to be 330 
in benzene solution. Its infrared absorption pattern 
resembled that of irradiated polystyrene.”° The benzene 
polymer appears largely to involve monosubstituted 
benzene rings. Note the monosubstituted acetylenic 
structure evidenced near 3300 cm™. The absorption of 
energy appears to open the ring to form the aliphatic 
biradical —CH—CH—CH=CH—CH+=CH— and/or 
its ion, sone of which depolymerizes to acetylene. In 
contrast to the situation during the irradiation of 
acetylene, this ‘acetylene trimer” is surrounded by the 
much more chemically inert molecules of benzene, hence 
a chain reaction does not occur. Those radicals and/or 
ions which do not recyclize add benzene (if they have 
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sufficient energy the addition opens the benzene ring) or 
abstract hydrogen from benzene. 

Interaction of the unstable intermediates produces a 
“polymer” consisting of a mixture of diphenyl, phenyl 
hexatriene, and phenylated aliphatic chains formed by 
the ring-opening process given in the foregoing paren- 
theses. This explanation covers the facts that the ben- 
zene polymer is of low average-molecular-weight and is 
not three-dimensional. 


* Operated for the U. S. Atomic Energy Commission by the 
Union Carbide Corporation. 
1S. C. Lind and D. C. Bardwell, Science 62, 422 (1925); 
W. Mund and W. Koch, Bull. soc. chim. Belg. 34, 119 (1925). 
2 E. Collinson and A. J. Swallow, Chem. Revs. 56, 471 (1956). 
“a Dorfman and F. J. Shipko, J. Am. Chem. Soc. 77, 4723 
1955). 
4S. C. Lind, The Chemical Effects of Alpha Particles and Elec- 
trons (The Chemical Catalog Company, Inc., New York, 1928), 
second edition, pp. 159-160. 
< e Watson and K. Kaufmann, J. Appl. Phys. 17, 996 
1946). 
6 J. H. L. Watson, Radiation Research 3, 121 (1955). 
' a Dorfman and A. C. Wohl, Radiation Research 10, 680 
1959).. 
ash Lind and C. H. Shiflett, J. Am. Chem. Soc. 59, 411 
937). 
® Henri, Maxwell, White, and Peterson, J. Phys. Chem. 56, 
153 (1952). 
10 Sample obtained through the courtesy of W. W. Parkinson, 
Oak Ridge National Laboratory. 
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Polytetrafluoroethylene 
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HE oxygen effect on irradiated polytetrafluoro- 

ethylene (PTFE) observed in electron spin reso- 
nance was studied by Rexroad and Gordy,! and other 
workers.?"> We have made a further investigation of 
this effect and have found some new phenomena. 

The PTFE sample used was in powdered form. It was 
evacuated and sealed in a glass tube. The irradiation 
was carried out with gamma rays from a 1000 curies 
cobalt-60 source to a dose of 3X10’ rads. The electron 
spin resonance spectra were observed at a frequency of 
9400 Mc/sec. 

The irradiated PTFE gave a spectrum composed of 
more than ten lines at room temperature (spectrum 
A). When air was admitted to the sample, the signal 
of the original PTFE radicals disappeared and an in- 
tense signal of the oxygenated radicals, which were 
stable in air, developed almost immediately (spectrum 
B). This was true also with a block sample although 
the change was slower than in the case of the powdered 
one. By reevacuation of this sample at room tempera- 
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Fic. 1. Oxygen effect appearing in electron spin resonance 
spectra. (A) PTFE sample after irradiation in vacuo; (B) After 
admission of air into A; (C) After evacuation of B for 24 hr at 
room temperature; (D) After evacuation of B for 15 min at 
150°C; (E) After evacuation of B for 15 min at 250°C followed 
by readmission of air. 





ture, 11% of the signal disappeared in 15 min, and 
25% in 24 hr (spectrum C). When, however, air was 
readmitted to the sample, the initial signal of the 
oxygenated radicals was immediately recovered. This 
disappearance and recovery of the signal were com- 
pletely reversible. The intensity of the signal was found 
to depend on the pressure of air or oxygen. 

The same experiment was repeated at high tempera- 
tures. When the oxygenated sample was evacuated for 
15 min at 150°C, a larger decrease of the signal ac- 
companied with some deformation and also with the 
recovery of the greater part of the signal of the original 
PTFE radicals was observed (spectrum D). It was 
likely that one component of the signal of the oxy- 
genated radicals disappeared and another component 
remained after this treatment. (The former component 
is called, for convenience, component I and the latter, 
component II. With readmission of air to this sample, 
the signal of the oxygenated radicals was immediately 
recovered in complete form and this showed that the 
lost component I was recovered (spectrum B was re- 
covered). This change was again found to be reversible. 
After evacuation of the oxygenated sample for 15 min 
at 250°C, a still higher temperature, the signal of the 
oxygenated radicals disappeared completely (both com- 
ponents I and II disappeared), and recovery of the 
signal of the original PTFE radicals was observed. 
However, when air was readmitted to this sample, 
spectrum E was obtained instead of B, showing that a 
large part of the component II did not recover in this 
case. (The signal of the oxygenated radicals in spec- 
trum B seems to be composed of both components I 
and II, while that in spectrum E seems to be composed 
mainly of component I only.) Reevacuation of this 
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sample for 15 min at 250°C gave the signal of the 
original PTFE radicals again, but reevacuation at 
150°C instead of 250°C gave a spectrum which is 
similar to D except that the signal of the oxygenated 
radicals was exceedingly weakened. 

These results show that at least two kinds of radicals 
are formed, when air is admitted, in the irradiated 
PTFE. One of them liberates oxygen by evacuation at 
a relatively low temperature, and the other liberates at 
a high temperature accompanied by a rather quick 
decay. 


* On leave from Asahi Chemical Industry Company, Ltd 
1H. N. Rexroad and W. Gordy, J. Chem. Phys. 30, 399 (1959). 
2 Ohnishi, Kashiwagi, Ikeda, and Nitta, Isotopes and Radi- 
= 1, 210 (1958). 
Abraham and D. H. Whiffen, Trans. Faraday Soc. 54, 
1291 tisss). 





EPR Characterization of Radicals in 
Irradiated Tetra-n-Butyl Ammonium 
Halides 
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N a number of compounds the electron paramagnetic 
resonance (EPR) spectrum of a single kind of 
radical is observed after irradiation of the parent 
compound with y rays or high-energy electrons.'~* Two 
such compounds are presented here. Polycrystalline 
tetra-m-butyl ammonium iodide and _tetra-n-butyl 
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Fic. 1. First derivative of EPR absorption spectra of ir- 
radiated tetra-n-butyl ammonium iodide (A), and irradiated 
tetra-n-buty] ammonium bromide (B). 
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Fic. 2. Structure of the radical produced in the tetra-n-butyl 
ammonium cation. X~ is either I- or Br~. The dotted line en- 
rae those hydrogen atoms which interact with the unpaired 
electron. 


ammonium bromide were individually sealed off in 
tubes under 10-° mm Hg vacuum. Each compound was 
irradiated with 2-Mev electrons from a General Electric 
Resonant Transformer at —80°C, warmed to 25°C, 
and the EPR spectrum taken immediately with a 
modified Varian Model V-4500 spectrometer.® 

Irradiated tetra-n-butyl ammonium iodide gave a 
symmetrical, well-resolved seven-line EPR spectrum 
(Fig. 1). Irradiated tetra-n-butyl ammonium bromide 
showed an EPR spectrum virtually identical with that 
of the iodide (Fig. 1). The EPR signal of each was only 
slightly diminished after storage at 25°C for 24 hr. The 
spectroscopic splitting factor g for both irradiated 
compounds was found to be 2.0024+0.0003, by compari- 
son with 1,1-diphenyl-2-picrylhydrazyl. The total 
splitting between points of maximum slope for both 
compounds is about 91 gauss. The line width was.found 
to be 10 gauss. 

An IBM 650 digital iiliginie was programed to 
calculate the EPR spectrum to be expected from a 
model which appeared to fit the experimental curve. 
The isotropic hyperfine peaks in the spectrum were as- 
sumed to have Gaussian line shape® and the relative 
peak heights were fixed at 1:6:15:20:15:6:1. The com- 
puter then adjusted the parameters for hyperfine split- 
ting and the line widths of individual peaks so as to give 
a least squares fit between the assumed model and the 
experimental EPR spectrum. 

For both tetra-n-butyl ammonium iodide and tetra- 
n-butyl ammonium bromide the calculated EPR spec- 
trum shows a good fit to the experimental spectrum. 
The model is that of an unpaired electron in the environ- 
ment of six equivalent hydrogen atoms. The value of 
g=2.0024 indicates very small spin-orbit coupling. 
Since this value of g is essentially that for a free electron 
(g=2.0023) the anisotropic environmental effects are 
minimized, a fact substantiated by the quantitative 
symmetry_of each spectrum. Thus, the EPR spectrum 
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appears to arise primarily from isotropic hyperfine 
interaction in favorable systems such as these. 

Neither the bromide nor iodide anion in these sys- 
tems interacts with the unpaired electron since either 
of these would give rise to an EPR spectrum incon- 
sistent with that observed. The EPR spectra are not 
attributable to F centers or V centers which show a 
g value’ lower and higher, respectively, than the free 
electron value. 

The only radical structure consistent with these 
observations is that shown in Fig. 2. Rupture of a car- 
bon-hydrogen bond at the 7-carbon atom on any of 
the four equivalent butyl groups gives this radical. 
This radical site is more stable than other possibilities 
because of greater opportunity for hyperconjugation. 
Although the six interacting hydrogen atoms are not 
chemically equivalent, molecular orbital calculations 
for aliphatic radicals show that such atoms can manifest 
equivalent interactions with an unpaired electron.*? 
Subsequent confirmation of this site, i.e., the carbon 
atom next to the end of the chain, was provided by the 
EPR spectrum of irradiated tetra-n-propylammonium 
bromide, (C3H;),N*Br-, which is essentially identical 
with the spectra of the butyl compounds. 

The work of R. G. Bennett and D. W. Marquardt in 
setting up the computer program is gratefully ac- 
knowledged. 


1 W. Gordy and C. G. McCormick, J. Am. Chem. Soc. 78, 3243 
tipsy” C. F. Luck and W. Gordy, J. Am. Chem. Soc. 78, 3240 
1956). 
, 938) Smaller and M. S. Matheson, J. Chem. Phys. 28, 1169 
1958). 
s >) H. Luebbe and J. E. Willard, J. Am. Chem. Soc. 81, 761 
1959). 
4 Bennett, McCarthy, Nolin, and Zimmerman, J. Chem. Phys. 
29, 249 (1958). 
5 a Hoell, and Schwenker, Rev. Sci. Instr. 29, 659 
1958). 
®D. J. E. Ingram, Free Radicals as Studied by Electron Spin 
Resonance (Academic Press, Inc., New York, 1958), p. 127. 
7 A. H. Kahn and C. Kittel, Phys. Rev. 89, 315 (1953). 
8D. B. Chestnut, J. Chem. Phys. 29, 43 (1958). 
®A. D. McLachlan, Mol. Phys. 1, 233 (1958). 





Absorption Spectra of Mercury, Bismuth, 
and Antimony Halides in Pressed Alkali 
Halide Disks 
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(Received July 17, 1959) 


N previous publications'? it has been shown that 
when pressed disks of potassium chloride to which 
thallium or lead chloride has been added are heated, 
they develop absorption spectra identical with those of 
unit crystals prepared from the melt, and it has been 
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Fic. 1. Absorption spectra of polycrystalline alkali halide 
disks containing heavy cations. i KBr:BiCls 0.049%, (2) 
KC1:BiCl; 0.08%, (3) KC1:SbCl; 0.14%, (4) KCl:HgCh, 0.018%, 
(5) KBr:HgBr, 0.042%. 


suggested that this phenomenon be utilized in the 
evaluation of diffusion constants in solids. On con- 
tinuing these investigations, it was observed that a 
number of metal halides yield fully developed absorp- 
tion spectra on being mixed with the alkali halide at 
room temperature. 

Measurements on the spectra of three such cations 
are reported here, namely, mercuric chloride and 
bromide, antimonous chloride, and bismuth chloride, 
incorporated in the alkali halides sodium chloride, 
potassium chloride and, potassium bromide. 

The salts were finely ground in a mechanical Fisher 
mullite mortar, dried separately at 120°, then weighed 
and mixed for 10 min in a Wig-L-Bug electric mortar 
in a plastic vial. 

The powdered grains photographed under the micro- 
scope were mostly of a similar size, cubic form, about 


TABLE I. Wavelengths (my) of absorption maxima in poly- 
crystalline alkali halides compared to that found in concentrated 
halide solutions. 





Ccl- 
Solution 


Br- 


Cation Disk Disk Solution 





Sb*+ 


B 3+ 


290, 231 
319-323, 
220 

215 


230 
327 


230% 


360,255 375, 258> 


Hg*+ 250 250 








® Reference 3. 
> Reference 4. 
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20 uw on the edge. The concentration of the heavy metal 
salt in the alkali halide mixtures varied between 0.005— 
0.1% by weight. For pressing, a Hilger die (}-in. diam.) 
was used, and pressures of about 9 and 14 tons/cm? 
were applied on the potassium and sodium salts, re- 
spectively. The disks obtained were clear and trans- 
parent; the pure alkali halide disks transmitted more 
than 70% of light in the near ultraviolet and some- 
what less at shorter wavelengths. The spectra were 
measured with a Beckman DU Spectrophotometer. 

Figure 1 shows a few of the spectra obtained, and in 
Table I the position of the peaks of absorption are 
compared with those recorded in the literature** for 
concentrated halide solutions of the respective ions. 
In most cases the absorption bands seem to coincide in 
the two media, but there is sometimes a shift to shorter 
wavelengths in the polycrystalline disks. With bismuth 
and antimony two absorption bands were observed. To 
our knowledge, none of these spectra have previously 
been recorded in solid solutions. The cation of the alkali 
halide had only a slight influence on the position of the 
absorption bands, but on changing from chloride to 
bromide, an appreciable shift to longer wavelengths is 
observed. 

It should be emphasized that unless diffusion and 
substitution has taken place, none of the heavy metal 
ions exhibit their characteristic spectra. This statement 
is confirmed by the observation that chlorides of a cation 
in potassium bromide have spectra characteristic for a 
bromide. It is therefore concluded that diffusion has 
actually taken place at room temperature. This remark- 
able fact is thought to be connected with the volatility 
and softness of the heavy metal halides. 

The absorbancy of potassium bromide disks contain- 
ing 0.005—0.02% mercuric chloride obeyed Beer’s Law. 
As a rule, maximum absorption was obtained only a 
few days after the preparation of the powdered mix- 
tures, and disks pressed soon after mixing the powders 
had an absorbance of 80-90% of their final value. 

From these measurements, the absorption coefficient 
1.35 10° was calculated for mercury in bromide med- 
ium. The short wavelength band of bismuth bromide is 
comparable in value. The coefficients of the chlorides are 
about 75% that of the bromides, while the long wave- 
length absorptions of bismuth and antimony are much 
weaker, that of antimony being smaller by two orders of 
magnitude. 

The absorption spectra of bismuth and antimony 1 re- 
semble those of other mercury-like cations such as TI* 
and Pbt+* =~ and are therefore due to the transitions, 


15,1 P, and !Sy—*Po.12, 


- in the impurity cations, the levels of which are per- 
turbed by the crystal field. The similarity between the 
spectra of some foreign cations in unit crystals of the 
alkali halides and in concentrated aqueous solutions of 
these halides has been noted long ago.®* But this similar- 
ity cannot be considered as proof for the presence of a 
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four coordinated complex in the solid state; it is more 
likely that the configuration of the anions in the strained 
lattice resembles more the original sexa coordination. 

The cause of the absorption of the mercuric ion is less 
clear. It may be compared to the known absorption of 
the silver ion in AgCl” and in NaCl," and is probably 
due to the transitions 5d—-5d°6p (or 5d%6s) in the 
mercuric cation. 


* This work forms part of a dissertation to be submitted to the 
Senate of the Hebrew University in partial fulfillment of the 
requirements for the Ph.D. 
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N measurements of lifetimes for excited particle states 
or of cross sections for reactions in a molecular beam, 
the concentrations of the vapor species must be known. 
Relative concentrations of fluxes are known immediately 
for vaporization from constant-boiling compounds. For 
such compounds at equilibrium, the flux ratio of com- 
ponent vapor species is the same as the composition ratio 
for these species in the condensed phase. If vaporization 
occurs by dissociation to two major gas species, only the 
formulas of these species and the composition of the 
constant-boiling compound need be determined in order 
to fix the flux ratio of these gas species. 

Suppose, for example, that a solid is evaporated by 
the reaction QusRea(s) =aQs(g)+cRa(g), where Q 
and R are the components, a and c are the number of 
moles of gas produced, and 6 and d are the number of 
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atoms per gas molecule. If Q.»R.a is a constant-boiling 
phase, for equilibrium vaporization in the molecular- 
flow range of pressures, 


a/c=fas/faa=arf°as/Onaf ng =%a,PaMn,'/ongPaaMa;*, 
(1) 


where the f’s are the evaporated components of the 
fluxes leaving a surface at equilibrium, the a’s are evap- 
oration coefficients, the f°’s are the fluxes striking the 
surface from the equilibrium vapor, the P’s are equilib- 
rium pressures, and the M’s are molecular weights. 

In most cases ag,ar, so free surface evaporation 
will yield the flux ratio f°9,/f°r,=fa,/frg=a/c. Thus the 
flux ratio and hence the composition of the solid will be 
the same as at equilibrium. However, if, as occasionally 
is found,' ag, and ag, differ by orders of magnitude, all 
the terms in Eq. (1) (except the molecular weights) 
will change on going to the free surface experiment. The 
resulting difference in loss rate of the two components 
will shift the composition of the solid with correspond- 
ing changes in the pressures. Since the rate of change of 
pressure with composition is usually large for the small 
composition range called a compound, the foregoing 
pressure ratio can take on a new value such that the 
flux ratio from the surface is a’/c’ where the primes 
refer to the slightly adjusted composition of the solid. 
But a’/c’=a/c because of the small composition range 
of the compound, and experimentally the distinction is 
unimportant. With the foregoing qualifications, the flux 
ratio from a constant-boiling compound is essentially 
independent of whether the evaporation is equilibrium 
or free-surface. The constant-boiling composition is 
restricted to the narrow composition range for wide 
variations in temperature or pressure. 

A simple rule for prediction of the existence of con- 
stant-boiling phases can be stated if the small effect of 
molecular weights is neglected: a phase for which the 
vapor pressure curves cross will generally contain a con- 
stant-boiling composition. A necessary thermodynamic 
condition is that the free energy of formation of a phase 
per mole of Q, (the more volatile gas component) when 
subtracted from the free energy of formation of Q, gas 
yields a number more positive than the free energy of 
formation of Rg gas. 

A wide variety of constant-boiling compounds are 
available for study. Calcium, for example, should form 
constant-boiling compounds with zinc, tin, aluminum, 
cadmium, the oxygen family, the nitrogen family, and 
the halides. 
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For each of these compounds, except the calcium 
halides, vaporization can be expected to take place 
largely by dissociation. The presence of some molecules 
of the same formula as the condensed phase will not 
interfere with use of the method provided that species 
that vaporize by dissociation can be distinguished from 
fragments produced in the beam. Mixtures of com- 
ponent species such as S: and §S particles require an in- 
dependent equation for complete definition of the 
system. 

The basic idea presented here was applied by two of 
us in a mass spectrometer analysis of the titanium-boron 
system.? Chupka e al. independently recognized the 
applicability of the method and used it in a study of the 
vaporization of BeO.* 

Titanium diboride, because of the simplicity of its 
vapor species, provides a good illustration of the use of 
the constant-boiling property in obtaining relative 
atomic cross sections for ionization by electron impact. 
In the mass spectrometer, a Langmuir free surface was 
approximated by using an open TiB; cell in a tungsten 
jacket. Ions were formed using 40-ev electrons. Only 
Ti* and B+ were observed. As expected, no significant 
temperature variation in the ratio was found, while J+; 
and I, each changed by two orders of magnitude. 

The observed intensity ratio can be used to compute 
relative ionization cross sections for atomic Ti and B 
providing the detector response is known. The mass 
spectrometer used employs an electron multiplier detec- 
tor, whose response for ions in the kev range is approxi- 
mately inversely proportional to the square root of the 
mass, but this term is canceled by a term from the equa- 
tion relating flux to pressure. Hence, o7i/on=J1i/InX 
fs/fri, where o=cross section for ionization, J=meas- 
ured intensity, and f= flux of atoms from the TiB: sur- 
face. The flux ratio for the constant-boiling compound 
TiB2 equals 2. The average observed intensity ratio is 3.8 
with an estimated uncertainty of +20%. Hence, the 
cross-section ratio according to Eq. (1) is 7.6+1.5. 
The value obtained from the calculations of Otvos and 
Stevenson‘ is 7.3. 


* Consultant to Parma Research Center, Union Carbide 
Corporation. 
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2 P. O. Schissel and W. S. Williams, Bull. Am. Phys. Soc. Ser. 
II, 4, No. 3 (1959). 
id so Berkowitz, and Giese, J. Chem. Phys. 30, 827 
1959). 
ass Otvos and D. P. Stevenson, J. Am. Chem. Soc. 78, 546 
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